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Study  of  iho  phenomenon  of  flow  decay,  begun  on 
earlier  programs,  was  continued  with  a  change  to 
MBC  '’FD-2A  propellant  (NgO^  +  0,6  percent  NO).  Flow 
decay  occurs  with  this  propellant,  eren  when  dry 
(loss  than  0.1-percent  water  equivalent),  as  a  result 
of  deposits  of  the  solid  corrosion  product,  NOFe(NO^)^, 
It  was  found  that  the  presence  of  excess  water  in 
amounts  up  to  the  general  use  limit  of  0.2  percent 
changed  the  characteristics  of  the  deposits  formed 
when  nitrogen  tetroxide  is  heated,  then  cooled  prior 
to  or  during  flow.  Instead  of  the  crystalline  solid 
(KOFo (1103)4)  which  is  deposited  from  dry  propellant, 
gelatinous  or  viscous  liquid  phases  are  formed  in 
wot  propellant. 

The  appearance  of  these  deposits  is  governed  by  an 
equilibrium  solubility  limit  similar  to  that  observed 
for  the  solid  deposits  in  dry  propellant.  The  gela¬ 
tinous  or  viscous  liquid  deposits  were  not  observed 
to  adhere  to  and  plug  valves  and  orifices,  as  does 
N0Te(N03)4,  but  they  did  clog  filters.  Chemical 
additives  previously  shown  to  ba  effective  ic  dis¬ 
solving  and  eliminating  N0Fo(N03)4  were  not  elieotive 
against  the  deposits  obtained  from  wet  propellant. 
Traces  ef  aluminum  and  titanium  wore  detected  in  flow 
decay  deposits  obtained  from  flow  systems  with 
aluminum  and  titanium  tanks. 
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PHASE  1:  LABORATOBl  TESTING 


INTRODUCTION 

The  phenomenon  termed  "flow  decay"  has  been  under  investigation  at  Bocketdyne 
under  both  company-funded  and  AFRPL-sponsored  programs  since  Koredker  1964. 
The  process  of  f lov  decay  is  defined  as  a  spontaneous  decrease  in  the  f lev- 
rate  through  a  constant  pressure  f lov  system.  "Brown*'  propellant 

defined  by  MIL-P-26539A  and  MIL-P-26539B  was  found  to  be  susceptible  to 
the  flow  decay  phenomenon.  The  cause  of  tbe  phenomenon  was  at  first  elusive 
but  subsequently  was  stao*  jy  both  physical  and  chemical  swans  to  be  the 
result  of  deposition  in  valve  orifices  of  crystalline  NQFe(liO^)^  formed 
by  corrosion  of  iron  alloys  by  the  propellant.  Laboratory  reproduc¬ 

tion  of  this  deposition  is  now  routine  (lef.  l). 

Tbe  effect  of  lov  concentrati ons ,  0.25  weight  percent  (w/o),  of  selected 
additives  on  the  solubility  of  BOPe(NO^)^  was  also  investigated.  This 
study  identified' four  additives,  acetonitrile,  ethyl  acetate,  bensonitrile, 
and  perf luoroacetonitrile  as  being  effective  in  dissolvii^  flow  decay 
deposits  in  a  flow  system,  although  there  were  marked  differences  in  the 
speed  with  which  the  different  additives  dissolved  the  deposits. 

In  this  program,  the  objectives  under  Phase  I,  Laboratory  Testing  were 
first  to  examine  the  four  above  ametioced  candidate  additives  with  respect 
to  their  ability  to  dissolve  KOFe(NO^)^  deposits  arising  from  "green” 
containing  0.6  weight  percent  NO  and  a  use  Unit  of  0.2  weight  percent  water 
equivalent.  To  be  determined  were  tbe  best  additive,  the  effect  of  addi¬ 
tive  concentration,  and  tbe  effective  lift  of  tbs  additive-M^O^  solution 
under  accelerated  aging  by  elevated  temperature  storage .  Second,  the 
chemistry  of  the  additive-MQfs(llO^)^  interaction  mi  to  be  exon  nod  by 
both  synthetic  and  analytical  techniques  an'  -orreleted  with  results  ob¬ 
tained  for  removal  of  deposits  in  the  laboratory  flow  system.  Third, 
tbe  effect  of  M0C1  content  on  corrosion  of  i "on  in  If^O^  propellant  wns 
to  be  investigated  by  comparison  with  chloride-free  propellant. 
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About  midway  through  the  contract  period,  it-  we  found  that  changes  in 
deposition  techniques  (particularly  the  temperature  of  the  propellant 
during  recycle)  resulted  in  a  change  in  the  physical  and  chemical  nature 
of  the  ir  on-eon  t&hdng  deposits.  Viscous  liquid  deposits  were  obtained 
which  failed  to  dissolve  in  the  additive-containing  solutions  previously 
found  to  be  effective  for  dissolution  of  crystalline  deposits. 

Accordingly,  work  on  the  original  four  additives  v&s  left  incomplete  and 
the  objectives  of  Phase  I  were  modified. 

The  new  objectives  were  first  to  examine  four  new  candidate  additives  with 
respect  to  their  ability  to  dissolve  the  viscous  liquid  deposits  in  green 
NgO^  (0.6  percent  NO,  0.2  percent  H^O  equivalent). 

The  new  additives  which  were  chosen  on  the  basis  of  being  stronger  com- 
plexing  agents  for  iron  and  being  soluble  and  stable  in  were  hydro¬ 
gen  fluoride,  phosphorus  trifluoride,  picric  acid,  nitrofo’  j,  and  dimethyl 
sulfoxide.  Nitrof'-TB  was  later  excluded  for  reasons  of  safety.  Again 
the  best  additive,  the  effect  of  additive  concentration,  and  the  effective 
life  were  to  be  determined. 

Second,  an  investigation  of  the  formation  of  the  viscous  liquid  deposit 
from  solid  N0Fe(N0^^  in  green  was  to  be  undertaken.  Four  variables 
were  studied;  water  equivalent  concentration,  NQFe(NO^)^  level,  tempera¬ 
ture  and  time. 

EXPERIMENTAL  SYSTEM 

Laboratory  Depositor 

The  laboratory  depositor  w&*  ?»  modification  of  that  previously  used 
(Ref.  l)  and  is  depicted  schematically  in  Fig.  1.  The  system  consisted 
cf  two  pairs  of  1-liter  stainless-steel  tanks  wrapped  with  heating  tapes 
and  equipped  with  0  to  100-psi  pressure  gages.  Each  pair  of  tanks,  a 
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Figure  1.  Laboratory  Depositor  Schematic 
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raa  tank  (l)  #b3  a  catch  task  (c),  was  connected  is  parallel  through  a 
common  glass  U-ir»j>.  Sash  of  the  ran  tasks  was  fitted  rlia  a  40-55  micron, 
cylindrical  stainleas-stesi  filter  welded  to  the  task  outlet  bushing.  Be- 
cycle  lines  led  from  the  bc*tos»  of  the  catch  tasks  to  the  top  of  the  respec¬ 
tive  ran  tasks, 

She  4-eiilliveter  GD  glass  U-trep  was  replaced  by  a  0.25-iach  fefloti  bellows 
trap  with  heat  shrinkable  Veflon-te-aetal  seals  for  experiments  iavolviug 
both  HP  and  PF,,  eolations.  Both  trap  systems  were  tested  pneumatically  at 
100  psig  before  nee  with  NgO^, 


S3SSULS8  MO  DISCUSSION 

Deposition  of  Solid  Flow  Decay  Material 

Deposition  of  N0F»(N0^)^  from 
the  laboratory  depositor  (fief.  l),  but  the  best  conditions  found  were 
heating  the  propellant  for  5  days  at  130  to  140  F  (55  to  60  C)  in  a 
stainless-steal  cy linear  followed  by  passing  the  liquid  through  an  ice- 
cooled  glass  tube  -a  roughly  15  ml/sin.  Clearly,  a  less  time  consuming, 
higher  yield  ^roredure  '.as  required  to  produce  deposits  to  study  the 
effectiveness  of  additives  either  for  dissolution  of  these  deposits  or 
for  prevention  of  deposition.  Because  it  appeared  that  deposition  of 
NOFe(HO^)^  from  the  N^O^  was  a  simple  crystallisation  from  «*  saturated 
solution,  resulting  from  a  temperature  differential  between  the  bulk 
propellant  and  Idle  deposition  ait*,  synthetically  prepared  NOFs(NO^)^ 
was  selected  as  the  ’‘soluble  iron"  source  for  the  current  program.  An 
important,  though  not  initially  recognised,  difference  between  the 
previous  work  (Stef,  i)  and  the  present  program  was  the  change  in  the 
propellant  from  dry  brown  of  0.1  percent  H^O  equivalent  to  wet  green 
**St04  of  0.2  percent  H^O  equivalent. 


HgO^  had  been  demonstrated  previously  in 


A  3.84~gr«B  quantity  of  synthetically  prepared  MGFa(NG^)^  (H»f,  l)  was 
used  without  purification  to  saturate  a  770-ai lli liter  qo^  iiiiy  ©f 
{0.9  w/©  JiO  end  S,2  w/o  H^O  equivalent).  The  solid  material  responsible 
for  the  flow  d* cay  and  previously  identified  as  N0Fe(S®^}^  was  deposited 
froM  this  solution  in  the  glass  U-trap  where  the  ability  of  additive 
solutions  to  dissolve  it  subsequently  could  be  visually  observed.  All 
runs  which  produced  a  good  deposit  of  NOFe(NO^)^  were  made  with  the 
solid  NQFe(Nty)^  unknowingly  retained  in  the  ullage  in  the  improperly 
located  filter  (see  Fig,  l).  The  experimental  conditions  used  in  each 
of  the  NOFe(NO^)^  deposition  runs  are  summarised  in  Table  1. 

The  procedure  for  a  typical,  successful  run  was  as  follows.  The  KgO^ 
contained  in  the  insulated  tank  was  heated  to  pressurise  it  to  ap¬ 
proximately  100  psig,  and  the  temperature  of  the  inlet  line  to  the  glass 
U-trap  was  maintained  slightly  above  that  of  the  run  tank  to  prevent 
deposition  in  the  inlet.  During  a  run,  all  valves  between  tanks  and 
were  wide  open  with  the  exception  of  the  Teflon  needle  valve  on  the 
U-trap  outlet.  Although  some  of  the  N0Fe(N0_)^  deposited  along  the  walls 
of  the  ice-cooled  U-trap,  most  of  the  solid  wae  collected  on  the  outlet 
glass  wool  filter 

Although  unknown  at  the  time,  the  solid  KPFe(KO^)^  thought  to  fee 
saturating  the  propellant  was  retained  in  the  ullage  space  fey  th>;i  im¬ 
properly  located  filter  (see  Fig,  l).  All  transfers  of  the  heated 
NgO^  were  made  under  autogenous  pressure.  During  the  recycle  of  pro¬ 
pellant  through  the  NOFe(NO^)^  in  the  filter  to  the  run  tank  1^,  which 
was  cooled,  sufficient  solid  dissolved  to  form  a  good  deposit  in  the 
subsequent  run.  After  five  successful  deposition  runs,  the  catch  tank 
Cj  was  no  longer  heated  during  the  recycle  process  and  subsequent 
deposits  became  smaller  and  more  difficult  to  observe.  Disassembly  of 
run  tank  ,1^  revealed  the  mechanical  cause  of  the  trouble  am  the  filter 
was  properly  located  at  the  tank  outlet.  This  mecheaical  error,  although 
costly  iu  tin©,  Droved  to  be  serendipitous  in  that  it  helped  to  clarify 
the  relationship  of  the  solid  and  liquid  flow  decay  deposits  (vide  infra). 
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B efore  it  was  determined  that  tha  difference  la  th«  quantity  of  the 
NOF*(NO  •’•posit  ia  tbs  first  rune  (l  through  6)  and  thoss  immediately 
following  (7  through  10)  vn  das  to  the  combination  of  the  lover  recycle 
temperature  and  ths  improperly  loeatsd  filter,  aa  analysis  of  the  NgO^ 
solution  was  undertaken.  After  removal  of  an  estimated  10  to  12  milli¬ 
moles  of  CO  (identified  by  vapor  pressure  measurements,  400  millimeters 
at  -196  C),  the  residual  vapor  above  the  solution  vas  shown  by  mass 

spectroscopy  to  contain  1.1-percent  C0?.  The  CO  and  CO^  presumably  arise 
from  incompletely  reacted  Fe(CO)^,  which  had  been  used  to  prepare  the 
crude  NOFe(NO^)^.  The  analytical  data  obtained  on  the  N^O^  solution, 
when  compared  with  the  data  obtained  before  contacting  it  with 
NOFe(NO^)^,  showed  nothing  which  could  account  for  the  observed  behavior 
(Table  2).  Noteworthy,  however,  ia  that  a  high  value  was  obtained  for 
water  equivalent  based  on  the  observed  NO  value  (cf .  Table  10,  page  33  ). 

TABLE  2 

ANALYSIS  Of  FBORLLANT 


Found 

As  Received 

Calculated 
After  HgO 

Addition 

Found  After 
NQFe(N©3)4 

Treatment 

Wo  Ng04 

99,36 

98.88 

98.97 

w/o  NO 

0.65 

0.91 

0.78 

w/o  HgO  equiv 

0.03 

0.20 

0. 15* 

w/o  N0C1 

0.01 

0.01 

0.01 

PP*  F* 

— 

— 

1.4 

♦Calculated  to  be  0.12  to  accotsat  for  moles  of 
NO  present 
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Tl«  mm  solid  iron  compound  used  to  deposit  NOFo(NO^)^  was  transferred 
from  tho  filtor  into  tho  tank  E.  vhi:h  vti  recharged  with  fresh  green  Ngt0^ 
of  0.2  w/o  BgO  equivalent.  Tho  first  run  in  tho  reassembled  depositor, 
with  tho  filtor  now  properly  located ,  produced  «  normal  deposit  of 
N0fe(NQ3)4  ,  but  in  subsequent  runs  the  deposit  consisted  of  a  mixture  of 
•  dark  brown  viscous  liquid  and  a  light  beige  solid  chemically  unlike 
the  initial  M0fe(N0'^)4.  The  liquid  appeared  to  be  the  sane  aa  that  de¬ 
scribed  by  TW  (Kef .  2). 


Tbe  experimental  procedure  for  depoaition  of  liquid  was  the  ease  as  had 
been  used  previously  for  formation  of  solid  N0F*(N0^)^  deposits.  The 
tamparmtoro  of  the  catch  tank  Cj  was  70  to  90  P  in  all  experinonta . 

Hr  peri mental  Conditions  used  in  oach  run  are  Bumarired  in  Teble  3.  The 
liquid-solid  mixture  {Pig.  2}  from  runs  14  through  17,  collected  iu  an 
appendage  downatrern  of  the  glass  wool  outlet  filter  (see  Fig.  l),  was 
used  for  analysis.  Tho  0.00800-r liquid  sample  analysed  16. 6-percent 
Pe,  66.6-percent  N0^~,  and  26. 3- percent  N0g~  (equivalent  to  17.1-percent 
N0+)  and  the  0.0l634-gree  solid  sample  with  edmixed  liquid  analysed 
17.?-pereont  Pe,  62.9-perceut  .4)^",  and  6.8-pexcent  NO"  (equivalent  to 
4, 5-percent  M+). 

from  the  foregoing  enalyees,  ratios  of  Fo/S0^~/H0~  were  for  the  liquid 
l/3.72/l.92  (102  percent  materia.  balance)  and  for  the  solid-liquid 
mixture  1/3.21/0.47  (65  percent  uateria;  balance).  These  data  do  not 
leaf  directly  to  ratiemel  empirical  formulae,  but  speculative  compositions 
may  be  suggested  such  as  aa  equimolar  ari store  of  N0Pe(N0^)4  and  for 

thrn  liquid  (ratio  l/4/a)  ami  for  tbe  solid 

(ratio  1/3.25/2.50  for  3:1  mixture  of  solid  and  liquid).  X-ray  dif- 
f ruction  pewter  data  (Table  4)  chewed  that  the  depesited  solid  woe  not 
»Pe(»J4. 
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DEPOSITION  OF  LIQUID  FLOW  DECAY  MATERIAL 


Ban 

No. 

Bun  Tank 
Pressure , 

P*if 

r - 

Inlet  Line 
Temperature , 

F 

Bemark* 

14 

103^ 

149  to  167 

33 

Liquid  pine  solid 

KB 

115  to  120 

167  to  171 

36 

Liquid  plus  solid 

19 

110 

167  to  171 

36 

Very  little  deposit 

17 

115  to  120 

16?  to  171 

46 

Liquid  plus  solid 

18 

95  to  100 

151  to  160 

55 

Small  liquid  deposit 

19 

94  to  101 

165  to  169 

70 

Small  liquid  deposit 

20 

96  to  100 

163  to  165 

72 

Small  liquid  deposit 

21 

96  to  100 

156  to  160 

45 

Small  liquid  deposit 

100  to  105 

154  to  160 

30 

Small  liquid  deposit 

23 

100  to  110 

156  to  160 

20 

Small  liquid  deposit 

24 

102  to  110 

160  to  163 

27 

Small  liquid  deposit 

25 

105  to  108 

167  to  1?1 

36 

Liquid  plus  solid 

26 

102  to  106 

158  to  165 

31 

Small  liquid  deposit 

27 

105  to  110^ 

154  to  167 

36 

Liquid  deposit 

28 

110  to  115'®' 

165  to  169 

42 

Liquid  deposit 

29 

110  to  115'®' 

/-  \ 

160  to  167 

43 

Liquid  deposit 

30 

110  to  115'®' 

156  to  169 

45 

Liquid  deposit 

31 

105  to  115'c/ 

163  to  169 

42 

Liquid  deposit 

32 

110  to  115'®' 

163  to  169 

42 

Liquid  deposit 

53 

96  to  100 

149  to  160 

5i 

Liquid  deposit 

34 

115 

171 

',6 

Liquid  deposit 

3: 

115 

154  to  163 

44 

Liquid  deposit 

36 

115 

149  to  163 

34 

Liquid  d«|M>sit 

37 

115 

163  to  171 

39 

Liquid  deposit 

3 8 

112  to  115 

156  to  169 

36 

Liquid  dsposit 

9 


TABLE  3 
(Concluded) 


■ 

Sun  Tank 
Pressure, 
P»ig 

Inlet  Line 
Temperature , 

F 

Run  Time 
(770  ml), 
minutes 

- - - 

Remarks 

39 

112  to  115 

156  to  162 

33 

Liquid  deposit 

40 

115 

163  to  169 

42 

Li  quid  deposit 

41 

115 

156  to  169 

50 

Liquid  deposit 

42 

110  to  115 

158  to  165 

44 

Liquid  deposit 

43 

112  to  115 

153  to  163 

38 

Liquid  deposit 

j  44 

110  to  115 

163 

45 

— 1 

Liquid  deposit 

Inadvertently  heated  to  as  estimated  175  F  just  before  run 
Held  at  temperature  for  16  hours  before  run 
*Held  at  temperature  for  1.5  hours  before  run 


■#&&£$*}*>  >/>.  a. fakpX&Mht&to'K 


A  0. 91440-gram  saepla  of  the  residual  yellow  solid  recovered  after  run  11 

fro*  the  run  tank  analyzed  25. l-percent  F«,  62. 1-percent  K0^“,  and 

0. 1 -percent  HO.*’,  this  gives  a  Fe/H0  ”  ratio  1/2.16  with  HO  ~  absent, 

*  5  * 

suggesting  an  oxynitrate  such  as  FeO^O^Jg'HjQ  The  X-ray  powder 

diffraction  data  for  this  residual  solid  ar«  contrasted  with  those  data 

for  >.Lc  original  HOFe(NO^)^  in  Table  4. 

Duplicate  ■>  of  the  deposition  of  a  liquid-solid  mixture  was  achieved 
using  the  same  quantities  of  fresh  NOFe(NO^)^  and  8B  ver* 

initially  in  the  HCFe(HO^)^  deposition.  Thus,  contact  tine,  as  well  as 
water  equivalent  concentration,  was  indicated  to  be  an  important  variable 
bearing  on  the  physical  and  chenical  aature  of  the  iron-containing 
deposits. 

Additive  Effectiveness  agd  Li*e 

A  number  of  Lewis  bases  had  been  shown  previously  (Bef.  l)  to  be  effec¬ 
tive  additives  both  for  preventing  deposition  and  for  dissolving  deposits 
of  JWFe(W0_). .  In  all  of  these  earlier  studies,  a  single  additive  con- 
cectration  of  0.25  w/o  was  need  and  the  studies  of  the  effective  life  of 
the  additives  were  rudimentary  and  incomplete.  Accordingly,  each  of  the 
additives  in  this  program  was  to  be  studied  at  three  concentrations, 

0.25,  0.10,  and  0,05  w/o,  and  tested  periodically  until  they  failed  to 
dissolve  MOFe(HO^)^  under  accelerated  aging  at  150  to  155  F.  The  four 
candidate  additives  were  acetonitrile,  ethyl  acetate,  beozonitri la ,  and 
perfluoroaeetonitrile. 

When  it  was  found  that  the  wet,  green  geve  liquid  deposits  (rather 

than  solid  HOFe(NO^)^)  that  did  not  dissolve  in  the  additive  solutions 
under  investigation,  the  etudy  was  restricted  to  0.25  w/o  additive 
solutions  except  for  acetonitrile.  Another  series  of  four  additives, 
hydrogen  fluoride,  phosphorus  triflu -ride,  picric  acid,  and  dimetbyi- 
snlfoside,  wms  eelsetsd  for  investigation  at  0.25  w/o  concentration  to 
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TABLE  4 


CuK,*  X-RAY  DIFFRACTION  POWDER  DATA  OF  BKFOBE 

AND  AFTER  EXPOSURE  TO  G8EBK  I^Q  (0.2  w/o  HgO  8QUIVALE  T) 


NCF^N03)4* 

d~s pacing,  A  (intensity) 

Sol  *  Codepcsited  With  Liquid 
Froa  Wet  Green  JffQ 

Residual  Yellow  Solid  After 
Heating  in  Wet  Green  No0, 

6.3  TTi 

6.40  s  - 

6.40  V 

3.8  m 

6.00  8 

5. 80  aw 

5-3  9 

4.40  w 

5. 10  MV 

4.20  a 

4.05  as 

4.30  aa 

3.70  8 

3-68  TV 

3.71  as 

3-48  8 

3.39  v 

5-39  as 

3.20  8 

^.30  8 

3.30  as 

3.10  V8 

3.10  i 

3.20  as  . 

3.00  TS 

2.79  YW 

2.79  as 

2.44  ■ 

2  *’3  rw 

2.51  aw 

2.35  v 

2.33  v 

2.38  w 

2.28  a 

2.05  v 

2.28  w 

2.17  v 

1.79  TW 

2.20  w 

1.98  w 

2.01  vw 

ermine  if  these  Materials  could  dissolve  the  liquid  deposit  or  prevent 
its  formation.  The  results  for  each  of  the  eight  additives  are  discussed 
separately. 

The  compositions  of  additive-containing  solutions  in  vet,  green  N^O^, 
prepared  to  evaluate  the  effectiveness  of  these  additives  in  dissolving 
the  deposits,  ar«  listed  in  Table  5.  Table  6  sussarizes  the  experimental 
conditions  used  in  each  of  the  runs  testing  the  effects veueas  of  each  of 
the  additive-containing  solutions  together  with  the  results  observed. 

The  deposition  of  a  dark  brovn  viscous  liquid  from  the  acetonitrile 
solutions  (runs  48,  50,  53,  aud  54,  Table  6}  prompted  £  detailed  analysis 
of  the  0.24  w/o  solution  (A-l,  Tabic  5)  to  determine  what  changes  in 
composition  had  occurred  as  a  result  of  heating  for  14  days  at  150  to 
155  F.  Found  (in  weight  percent):  N^O^,  98. ?G;  NO,  0.85;  N0C1,  0.01; 

HgO  equiv,  0,01;  Fe,  0.00104  (l0„4  ppm).  Mass  spectrometric  analysis 
of  both  liquid  end  vapor  phases  of  solution  A-l  shoved  (from  air), 

2.8  percent  (in  the  liquid)  and  3.1  percent  (in  the  vapor):  CQg,  0.7  per¬ 
cent  (in  the  liquid  nd  1.1  percent  (in  the  vapor);  CEE^CN,  absent 
(both  liquid  and  vapor). 

The  solubility  of  the  liquid  deposit  (from  F-3,  Table  7)  io  0.25  w/c 
SMSG-.M204  was  studied  in  a  static  system  by  decantieg  the  N^O^  phase 
from  the  viscous  brovn  liquid  and  replacing  it  with  38  milliliters  of  the 
BMB0  solution  (H-l,  Table  5).  No  change  was  apparent  in  the  viscous 
liquid,  but  on  standing  several  days  colorless  crystals  were  observed  in 
the  phase. 
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Acetonitrile.  Acetonitrile  eolations  «t  0.24,  0.10,  end  0.05  v/o 
green  N^O^  were  equally  effective  in  dissolving  deposits  of  NOFe(NO^)^ . 

The  fresh  solutions  vere  bested  in  tank  (Fig.  l)  to  develop  a  driving 
pressure  of  100  to  lOf  ^sig  and  passed  to  catch  tank  through  the 
glass  U-trap  containing  the  brown  solid  deposit  at  flovrates  of  27  to 
28  nl/nin.  The  NOFe(NO^)^  was  solubilised  in  the  first  1  to  2  Minutes 
of  the  27  to  28  ninute  runs.  The  0.24  v/o  acetonitrile  solution  remained 
effoctive  after  7  days  storage  at  150  to  155  F;  after  14  days  it  appeared 
by  visual  observation  no  longer  to  be  effective.  However,  this  test 
was  made  on  a  very  snail  aepoeit  and  consequently  the  result  is  sosarwhat 
uncertain.  The  sane  uncertainty  is  to  be  noted  in  the  apparent  loaa  of 
effectiveneaa  of  the  0.10  and  0.05  v/o  acetonitrile  solutiona  after 
heating  for  7  days  at  150  to  155  F. 

Each  of  the  acetonitrile  solutions,  after  the  period  of  accelerated  ag'ng, 
deposited  a  second  liquid  phase  when  passed  through  the  ice-cooled  glass 
U-trap.  The  aost  concentrated  solution  gave  the  largest  droplet  of  the 
dark  brown  viaeoua  liquid,  which  was  shown  to  be  slightly  soluble  in 
NgO^  (no  deposit  without  cooling)  and  water  soluble.  Bowever,  the 
quantity  was  too  snail  for  further  direct  characterisation.  The  analysis 
of  the  propellant  (described  below)  gave  indirect  evidence  for  the  con- 
poaition  of  this  liquid  deposit. 

Mass  spectronetric  analysis  of  the  0.24  v/o  acetonitrile  solution  (A-l, 
Table  5)  indicated  the  conplete  absence  of  acetonitrile  in  both  the  liquid 
and  the  vapor  phases,  with  CO^  and  as  the  najor  inpurities  in  the  vapor. 
Conparison  of  the  analysis  of  A-l  vith  its  calculated  eonposition  (Table  5) 
suggests  that  corrosion  of  the  stainleaa~ateel  tank  mist  have  occurred. 

The  dranatic  decrease  in  B^O  equivalent  (fron  0.20  to  0,01  v/o)  would 
require  a  corresponding  decrease  in  MO  concentration  (from  G.9i  to  0.59 
v/o)  according  to  Eq.  1. 
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4.W0,  +  2N0 


(l) 


-*2\  ♦  F*  - 


(2) 


Corrosion  of  the  cylinder  ( appro xi sate ly  0.0002  inch),  presumably  enhanced 
by  tho  acetonitrile  (Bq.  2),  could  supply  tho  necessaiy  NO  to  bring  the 
concentrati*-  ■>  tho  observed  0.85  w/ o.  The  amount  of  CHy2f  required 
(iq.  2)  e^.reletos  well  with  that  actually  usod:  64  amoles  (required), 
65.8  mmoles  (in  A- 1 ) .  Tho  concentration  of  iron  in  the  N^O^-acetonitrile 
solution  after  heating  was  found  to  be  almoat  an  order  of  magnitude 
greater  (10.4  ppm)  than  in  alone  (Bef.  l). 


Although  the  direct  study  of  tho  stoichiometry  of  the  reaction  of  aceto¬ 
nitrile  with  NOFe(NO^)^  was  deleted  when  the  program  objectives  were 
changed,  tho  ratio  of  2*1  was  obtained  indirectly  from  these  analytical 
data.  Also  inferred  is  an  enhanced  corrosivity  for  the  edditive- 
conttining  solution  as  long  as  fret  acetonitrile  remains  (Rtf.  4  reports 
this  system  ueureactive,  however).  Because  acetonitrile  appears  to 
dissolve  NWo(M0j)^,  only  to  substitute  another  slightly  soluble  iron- 
eomtaininf  compound  for  it,  this  additive  offers  no  solution  to  the 
problem  of  decreasing  flowrates  in  systems  ceueed  by  deposition  of 

eorreaioa  products. 


ttharl  Acetate .  A  solution  0.25  w/o  ethyl  acetate  effectively  removed  a 
deposit  of  NOFe(NQ^)^  in  cs,  2  to  5  minutes  when  passed  through  the 
U-trap  at  40  ml/rnin-  This  additive  appears  to  require  a  longer  time  to 
dissolved  the  ?elid  deposit  vh-u  compered  with  acetonitrile. 

This  experiment  was  not  definitive,  however,  because  of  the  presence  of 
s  trace  of  liquid  eodepeeitH  with  the  solid.  Tnis  liquid  may  he  indi- 
eative  of  partial  hydration  of  the  iron  compound  which  could  change  its 
solubility  or  rate  of  solution  in  the  additive  solution.  Further 
evaluation  of  the  ethyl  acetate  solution  after  ?  days  storage  at 
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150  to  155  F  vas  suspended  because  further  atteapts  to  deposit  solid 
NOFe(NO^)^  produced  liquid  deposits  instead,  and  ethyl  acetate  was 
ineffective  in  dissolution  of  the  liquid  deposit. 

Bensonitrile  and  Irifluoroacetonitrile.  Solutions  of  0.26  w/o  benaonitrile 
and  0.25  w/o  trifluoraacetonitrile  (both  of  which  solubilise  NOFe(NO^)^ 
{&f.  l)  iu  NgO^  were  found  to  be  ineffective  in  dissolution  of  the  vis?oua 
liquid  deposit.  No  farther  evaluation  of  these  additives  was  attempted. 

Hydrogen  Fluoride.  A  preliminary  run  was  wade  in  the  glass  U-trap  on  the 
assumption  that  any  groas  effects  that  0,31  w/o  HP  in  exhibit 

on  contacting  a  liquid  deposit  would  not  be  obscured  by  the  HF-glaas 
interaction.  The  HF  appeared  not  to  have  any  effect  on  the  liquid  deposit, 
but  the  pattern  of  glass  etching  which  resulted  left  considerable  doubt 
as  to  the  HF  concentration  in  tha  vicinity  of  the  liquid  deposit.  Ac¬ 
cordingly,  the  glass  U-trap  and  glass  wo^l  filter  plugs  were  replaced  by 
a  Teflon  U-trap  with  carbon  felt  filter  plugs.  The  experiment  was 
repeated  ueing  a  liquid  deposit  which  had  been  mechanically  introduced 
into  the  Teflon  U-trap.  No  visual  change  in  the  dark  viacous  liquid  was 
noted  during  the  run,  but  on  subsequent  evacuation  of  the  trap  the  liquid 
became  colorless  end  then  crystallised,  suggesting  perhaps  formation  of 
NOFeF^  (cf.  NOgFeF^,  8ef.  l).  HF  appears  unsuitable  as  on  additive  for 
diesolution  of  liquid  flow  decay  deposits. 

A  series  of  three  ru«*  was  made  in  the  Teflon  U-trap  to  determine  whether 
0.35  w/o  HF  would  prevent  deposition  of  any  irou-containing  material 
(liquid  or  solid)  froa  N^O^  containing  NOFs(NO^)^  in  2  to  4  tises  sxccss 
of  the  ambient  temperature  solubility.  No  deposition  was  observed  in  any 
of  these  runs,  steb  of  which  were  made  under  conditions  less  drastic  than 
the  usual  deposition  run.  A  deposition  run,  made  is  s  control  under  these 
more  mild  conditions,  using  the  N^O^  saturated  with  a  large  excess  of 
NOFs(?IO^)^,  also  was  unsuccessful.  The  liquid  deposit  appe.-ntly  either 
fails  to  fore  under  the  loss  drastic  conditions  or  fails  to  adhtre  to  the 
Teflon  or  carbon  aurfacea  the  way  it  does  to  glass. 


Picric  Acid,  Contact  of  a  0.25  w/o  picric  acid-N^Q^  solution  with  the 
liquid  deposit  in  the  ice-cooled  U-trap  resulted  in  partial  crystal¬ 
lisation  of  the  liquid  droplets.  A  second  run  without  cooling  produced 
no  further  change  in  the  crystalline  solid,  but  the  liquid  portion  of  the 
deposit  was  soluble  in  the  hot  ( 1 50  F)  picric  acid-N^O^  solution.  During 
storage  at  ca.  150  to  155  F,  the  pressure  over  the  0.25  w/o  picric  acid- 
solution  increased  slowly  over  80  days,  amounting  to  an  increase  at 
ambient  temperature  of  about  15  psi  This  oxidative  instability  plus 
conversion  of  the  liquid  deposit  to  an  insoluble  solid  eliminated  picric 
acid  from  further  consideration  as  an  effective  additive. 

Phosphorus  Trifluoride.  A  0.25  w/o  PF^-N^O^  solution  wa3  tested  twice  by 
passing  it  over  liquid  deposit  which  had  been  mechanically  introduced  into 
a  Teflon  U-trap.  No  further  evaluation  was  attempted  after  no  visual 
change  ic  the  dark  viscous  liquid  could  be  detected. 

Diaethylaul t  oxide .  In  a  preliminary  experiment,  a  0.25  w/o  dimetbyl- 
aulfox^de-NgO^  solution  (H-l )  was  stored  at  150  to  155  F  for  13  days. 

Whan  the  solution  was  subsequently  cooled  to  ambient  temperature,  no 
pressure  increase  was  observed  demonstrating  the  stability  of  the  ad¬ 
ditive  in  N„0,  . 

2  4 

Another  0.25  w/o  dimetbylsulfoxide-N^O^  solution  (H-2)  was  passed  over  a 
liquid  deposit  and  was  observed  near  the  middle  of  the  run  to  have  dis¬ 
solved  the  deposit.  A  conf irmatory  run  was  terminated  abruptly  when  the 
deposit  disappeared  completely  in  the  first  15  seconds  and  the  mixture 
was  placed  in  so  oven  to  accelerate  aging  of  the  solution.  The  additive- 
containing  solutioo,  after  storage  at  150  F  for  i7  days,  was  passed  over 
another  liquid  deposit  and  found  to  dissolve  it  in  50  reccnds  indicating 
that  DM30  was  an  effective  additive  for  dissolving  liquid  flow  decay 
deposits. 


22 


An  attempt  to  confirm  tho  eoiubility  of  the  liquid  deposit  was  sad*  naiag 
0.25~percent  DMSfh-b^O^  (o.25  w/o  Ho0  equivalent)  aolution  sad  the  liquid 
deposit  formed  from  NQFe(NO^)^  and  vet  N„0^  (experiment  F-3,  Table  6, 
0.503  w/o  water  equivalent).  In  this  case  the  liquid  appeared  not  to 
dissolve,  but  after  •?veral  days  at  ambient  temperature,  colorlea# 
crystals  deposited  from  the  N 0^  phase.  These  observations  tend  to 
substantiate  the  postulated  formation  cf  tvo  liquid  deposits  of  different 
chemical  composition  which  is  dependent  on  *he  water  equivalent  concen¬ 
tration  of  the  N„0,  ,  and  ouly  the  first  of  which  is  soluble  in  the  X*fSO 
solution.  Further  evidence  for  the  existence  of  two  visually  in?' 
tinguiehable  but  chemically  different  liquid  denosits  is  ?et  forth  in 
the  next  section. 


Effect  of  Wat*:  Equivalent  Concentration  on  MOFe(NO^)^ 


Previous  investigations  of  the  flow  decay  phenomenon  at  Soeketdyue  asking, 
bravo  of  0.1  w/o  H^O  equivalent  indicated  that  obaerved  decreeses 

in  flowrate  were  caused  by  the  deposition  of  crystalline  NOFe(Kv^)^ 

(fief.  i).  Other  laboratories  using  green  (^.6  w/o  NO,  0.  w/o 

Ho0  equivalent)  reported  clogging  in  dynamic  systems  caused  by  a  vis^eua 
da.it  liquid  containing  both  sine  and  iron  (Sef ,  2;.  Each  of  these  metal a 
had  been  introduced  into  the  propellant  as  the  crude  product  formed  fey 
reaction  of  the  metal  chloride  with  N„0^  in  the  presence  at  ethyl  acetate, 
and  thus  could  have  been  solvated;  e.g. ,  (CH^COOCgH^ )^H0F« (lf0,j or 
(Cfl  COOCgH.  )2Fe(N0^)  •  xH„0. 

In  the  deposition  experiments  reported  hereisj,  green  No0^  s'f  higher  water 

equivalent  concentration  (1 ,e. ,  0.2  w/o)  was  found  to  itiipoait  either  c 

crystalline  solid  having  the  same  chemical  behavior  as  NOFe(NO^).  toward 

5  % 

Levis  base-type  additives  or  a  dark  viscous  liquid.  At  this  particular 
8^0  equivalent  conc^rv  ration,  the  h>j>e  of  deposit  appeared  to  depend  on 
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the  contact  ti»e  between  the  propellant  end  the  .wiFe(NC  )  used  to  sat- 

.5  ^ 

urate  the  solution.  After  contact  tines  looker  than  a  few  hours,  the 
iron-containing  aaterial  which  deposited  froa  the  solution  was  a  dark 
viscous  liquid  sometime a  accompanied  by  a  crystalline  solid  differing  in 
both  physical  sod  chemical  properties  from  NOFe\N).J^.  Therefore,  in 
addition  to  tha  effects  of  contact  time  and  H^O  •ouivalent  concentration, 
on  M0F«(N0^}^,  the  effects  of  temperature  and  ir  1  level  were  included 
in  the  study  of  the  parameters  responsible  for  the  properties  of  the 
iroa-eoniat  mug  deposits. 

Tbs  effect  of  water  equivalent  concentration  on  the  physical  state-  of 
NOFe0«3)4  sad  the  degree'  of  hydration  of  N0Fe(N03)4  which  saases  these 
ebaogec  of  stat^  was  studied  in  a  series  of  experiaeoia  at  five  water 
equivalent  concentrations,  two  iron  levels,  and  two  temperatures. 

Weighed  amount o  «»  NCFe(NC3  )4  were  placed  in  10-mi  Hi  liter,  heavy -wall 
tubes  closed  *,  Teflon  needle  valves.  Approximately  7  ail 1 i liters 
(l 0  grams)  of  green  (0.^8  v/o  NO)  of  varyir^,  known  water  wquivalcat 

concentration  was  weighed'  into  ee,cb  tube,  it*  tubes  were  iammrsed  in  constant 
eoaatdat  temperature  oil  baths  for  16&  hour?  during  which  iiae  changes 
ia  the  physical  appearance  of  the  .mixture*  were  noted.  At  the  conclusion 
of  the  heating,  period,  the  t.utrbs  vers  cabled  to  ambient  temperature  sad 
iaaewUat.vIy  thereafter  the  phases  were  sampled  for  safer  vualya is 

ia  precision  nsr-r  tubes.  Further  changes  'in  the  appearance  of  ice  fixtures 
at  ambi ent  temperature  verr  noted.  The  experimental-  data  and  observed 
changes  are  listed  in  Table  7 ■ 


The  solutions  af  varying  wafer  equivalent  pd^ceotration  wer»  pre¬ 

pared  in  glass  ly  using  weighed  amounts  of  two  sterfe;  solatia*!*,  one 
dry  *ad  one  wet,  the  preparation  of  which  are  d»>xcrib®4  *9  follows.  The 
dry  etocJi;  solution  was  prepared  jn  glaa<*  hr  atirri.sg  approximately 
l  liter  of  green  ^  (0.59  v/o.NO,.  C\0‘}  w/o .  H0(V '.equivalent )  with 
20-grams  P_.0t  at  ambient  -temperature.  Thy  mixture  v*s  allowed  to  sfcsad 
overnight  and  eobeeq^«fitiy  distilled  at  ambietet-  'temperature  into  an  ic«r~ 
cooled  receiver.  The  wet,  stock  solution  vf>»  prepared’  in  gls.s«  by 
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oxygenating  approx' Tsately  1  liter  of  the  aaae  green  ^^4  J>y 

similar  drying  and  distillation.  A  portion  of  the  dry  brown  vas 

combined  with  enougn  water  to  cause  separation  of  a  second  liquid  ^hase. 

After  oxygenation  of  this  two  phase  mixture  a  weighed  portion  of  the 

"water  phaie"  was  mixed  with  a  weighed  portion  of  the  dry  brown  N^O ^  and 

water  was  added  to  raise  the  water  equivalent  concentration  still  higher 

while  generating  1*0  (or  HNG2}  88  veil.  The  preparative  and  analytical 

data  for  the  various  N  O,  solutions  arc-  shown  in  Table  8  together  with 

*  ^  1 

the  standard  solutions  used  for  H  nor  calibration. 


In  Table  7  are  listed  the  data  and  observed  changes  for  a  aeries  of 
preliminary  qualitative  experiments  (G-j)  and  another  series- of  senai- 
Huantitative  experiments  (A-?).  These  are  interpreted  in  terms  of  two 
processes  involving  water  in  the  Ng04  propellant  system.  First,  the 
overall  reaction  for  the  hydrolysis  of  No0^  is  a  complex  equilibrium 
which  may  be  simply  represented  by  Eq.  3. 


3N204  +  2H20.s 


4HN0_  +  2N0 


In  the  concentration  of  free  water  iB  quite  low  because  of  the  mass 

action  effect,  but  it  is  increased  with  increase  in  temperature  (Ref.  4). 
Second,  the  dehydration  of  a  lalt  hydrate,  represented  in  Eq.  4  and  5, 
proceeds  to  a  greater  degree  with  increasing  temperature. 


Fe(N03)„.yH20: 


Fe(N03)rxH20  +  (y~x)H2Q 


N2G4  *  Fe(N03)3.xH20s 


:N0Fe(N03)4  +  xlln0 


The  phase  separation  phenomenon  which  occurs  in  the  NgO^HgO  system  would 
be  expected  to  occur  in  the  presence  of  the  iron  salts  which  should 
dissolve  preferentially  m  the  "aqueous"  phase. 


TABLE  8 


PREPARATION  AND  ANALYSIS  OF  N^-NO-HgO  MIXTURES 
No0^  Solution  Description  v/o  H^O  Equiv  (*H  usr) 


Green  dry  stock  solution  (D) 

0.017 

(see  text  for  preparation)  0,58  v/o  NO 

0.017 

0.01? 

c.019 

Brown  wet  stock  solution  (V) 

1.27 

(see  text  for  preparation)  0.59  w/o  NO 

1.31 

56.2124  £  B  +  1.5786  g  W 

0.045 

55.6003  g  »  +  4.0596  g  V 

0.098 

0.100 

49-282?  g  D  +  8.2629  g  ¥ 

0.192 

43.4143  g  D  +  12.0871  g  W 

0.293 

38.7465  £  B  +  21.8515  g  W 

O.5O3 

10.14388  g  D  +  0.01254  g  HgO 

0.127 

0.125 

0.131 

0.123 

Q.J29 

8.66622  g  B  +  0.02643  g  H^O 

0.321 

0.321 

0.296 

0.322 

0.329 

0.318 

0.321 

9.73619  g  D  +  0.05068  g  HgO 

0.535 

0.556 

0.579 

0.539 

9.61245  g  D  +  0.10057  g  ^0 

1.010 
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In  tfe-i  ^roliaioary  experiMBt*,  an  unwc.i&hed  quantity  (estimated  to  be 
3  to  5  aiilligrams)  of  NOPe(NO^)^  was  placed  in  an  ussr  tuba  with  about  2 
:,>"8is»  e?  N,3.)/t .  the  water  equivalent  concentration  o 2  which  vase  measured 


by  nar  spectroscopy  both  before  and  after  contact  with  NOPe(NO^)^, 

Partial  hydration  caused  agglomeration  of  the  solid  (experiment  G)  followed, 
*.t  .increasing  initial  water  equivalent  concentrations,  by  what  has  been 
interpreted  as  a  separation  of  an  acid  solution  of  the  "hydrated"  salt 
(experiment  H)  and  eiystailization  of  a  higher  hydrate  from  this 
"aqueous"  phase  (experiments  I  and  J). 


The  effects  of  temperature  cau  be  noted  qualitatively  by  comparing  pairs 
of  experiments  such  as  D-l  and  2,  E~3  and  E-4S  etc.  In  every  case,  as 
expected,  the  changes  have  occurred  more  rapidly  ax  the  higher  temperature. 
The  time  required  for  a  given  change,  such  as  liquifaction  of  the  solid, 
roughly  correlates  with  the  initial  amount  of  solid  used. 

An  inspection  of  the  data  for  experiments  A-F  indicates  that  experi¬ 
mental  errors  (particularly  moisture  pickup  from  apparatus  and  possible 
weighing  errors)  have  rendered  the  experiments  semiquantitative  at  best, 
with  those  at  the  higher  "iron  level"  being  more  self-consistent.  The 
series  of  experiments  (l>— 3*  D-4,  E-3,  E-4,  F-3,  F-4)  suggest  that,  at 
au  initial  water  equivalent  concentration  approaching  0.2  w/o,  NOFe^NO^)^ 
forms  an  anf -’drous  or  partially  hydrated  (possibly  a  vonohydrate)  ferric 
nitrate  which,  between  0.2  w/o  and  0.3  w/o  E^O  equivalent,  precipitates 
a  second  liquid  phase  that  can  yield  a  crystalline  higher  hydrate 
(possibly  a  trihydrate).  Dissolution  of  this  sol'd  hydrate  can  occur  to 
give  another  liquid  phase  on  raising  the  H^O  equivalent  to  approximately 
0.5  w/o. 


Attempted  Bemoval  of  Chloride  From 


Metallic  iron  is  reported  to  be  nonreactive  with  liquid  either 
alone  or  in  mixtures  with  ethyl  acetate,  acetonitrile,  or  dimethyl- 
sulfoxide  (Bef„  4).  Beactien  of  with  iron  is  initiated  in  the 
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presence  of  N0C1  {Ke? „  5)  or  when  a  N0C1  source  such  as  FeCl^  plus  ethyl 
acetate  (itef.  6)  is  present,  although  the  rate  is  slow  at  low  N0C1  con¬ 
centrations.  The  FeCl„  generates  NQC1,  which  is  known  to  react  with 
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metallic  iron  (Bef.  5)  to  fora  ffOFeCl^  which  then  undergoes  solvolysis 
to  give  the  flow  decay  compound,  NOFe(NO^)^. 

Fe  +  4N0C1  - - —►N0FeCl4  (6) 

N0FcC14  +  4N2O4^=s=5=rN0Fe(N03)4  +  4N0C1  (7) 

The  equilibrium  (Eq,  7)  lies  far  to  the  right  so  that  nitrosyl  chloride 
is  regenerated  and  in  effect  acts  as  a  catalyst  for  corrosion  of  the 
iron. 

Thus,  the  trace  amount  of  NGC1  in  propellant  N,^  vas  suspected  to  be 
the  cause  of  N0Fe(N01?)4  formation.  Accordingly,  an  attempt  to  prepare 
chloride-free  Ng04  was  made  so  that  a  comparative  study  of  the  iron 
corrosion  rates  (as  indicated  either  by  coupon  tests,  conductivity 
measurements,  or  deposition  of  N0Fe(N0^)4  in  a  dynamic  system)  could 
be  undertaken.  After  a  single  preliminary  experiment  vas  completed, 
together  with  the  development  of  a  suitable  analytical  procedure,  re¬ 
orientation  of  the  program  objectives  led  to  termination  of  th®  study 
of  the  effect  of  N0C1  content  on  tbe  corrosion  rate  of  iron. 

An  analytical  method  vas  developed  to  ascertain  the  effectiveness  cf 
AgNO^  as  a  precipitant  for  chloride  in  N,j04,  after  determining  that  the 
large  reagent  blank  (ca  100  ppm)  in  the  MSC-PFD-2A  method  for  N0C1  in 
NgO^  made  it  unsuitable  for  very  low  concentrations  of  N0C1.  The  pro¬ 
cedure  involved  hydrolysis  of  Ng04  samples  in  pure  water  in  an  oxygen 
atmosphere  followed  by  treatment  with  AgN0_  and  turbidometric  deter¬ 
mination  of  AgCl. 
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A  770-milliter  quantity  of  (O.63  w/o  NO,  0.03  w/o  H^Q  equiv,  0.01 

w/o  N0C1  analyzed  in  accordance  with  procedures  specified  in  KSC-P?D-2A ) 
was  heated  in  a  1000-milliliter  stainless-stt  1  cylinder  with  1.0  grs a 
(3.5-^ld  excess)  of  finely  powdered  AgNO^  at  ca.  65  C  (150  P)  for  168 
hours.  Analytical  samples  of  treated  propellant  were  withdrawn  through 
an  integral  40  to  55-micron  stainless-steel  filter  and  delivered  into 
tared  fragile  glass  ampoules  which  were  sealed  with  a  torch  and  weighed. 
Similarly  contained  samples  of  the  same  propellant  without  AgNO  treat- 
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meat  were  prepared  as  a  check  0/  the  analytical  method  described  below 
against  the  MSC-PPD-2A  procedure.  As  a  further  check  a  69. 740-gram 
quantity  of  the  untreated  propellant  was  doped  with  0.00252  gram  of 
N0C1  (36  ppm)  and  analyzed  as  outlined  below. 

The  ampoule  containing  the  NgO^  was  cooled  to  freeze  the  contents  and 
placed  in  a  500-milliliter  iodine  determination  flask  together  with  40 
milliliters  of  ice-cooled  deionized  water.  The  flask  was  swept  with 
oxygen  for  4  to  5  minutes,  stoppered,  and  shaken  to  break  the  ampoule. 
The  glass  stopper  was  sealed  with  water.  After  about  15  ainutes,  the 
mixture  became  colorless  and  it  was  then  heated  gently  on  a  hot-plate 
with  frequent  shaking  to  complete  the  hydrolysis.  The  solution  was 
filtered  through  thoroughly  prewashed  filter  paper  and  diluted  to 
100  milliliters.  To  a  25  milliliter  aliquot  of  ibis  solution  was  added 
1.5  milliliters  of  AgNO^  solution  (17  grems/liter),  the  volume  was 
brought  to  50  milliliters,  and  the  solution  was  aged  for  25  minutes  in 
the  dark  before  the  absorbance  at  535  millimicrons  was  measured  in  a 
10-centimeter  cell.  The  sample  absorptions  were  converted  to  chloride 
concentrations  by  comparison  with  a  standard  calibration  curve.  The 
data,  shown  in  Table  9,  indicate  only  a  partial  removal  of  the  N0C1  as 
AgCl  by  treatment  with  AgNO^. 
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TABLE  9 


REMOVAL  OF  CHLORIDE  FROM  GREEN 


♦Reagent  blank  14  FC1 


The  AgNO^-treated  propellent  also  vas  analyzed  by  the  MSC-PPD-2A  procedure, 
which  indicated  no  change  in  the  O.Ol  w/o  N0C1  content. 

Analyses  for  Water  Equivalent  Concentration  in  N„0, 

. . . . . . , .  2  4 

The  MIL-P-26539C  method,  which  depends  on  the  separation  (at  1.6  4/0 
HgO  equivalent)  of  a  second  liquid  phase  during  isothermal  evaporation 
of  a  sample  of  at  "52  F,  has  been  found  unsatisfactory.  The 

analyses  listed  in  Table  10,  including  comparison  of  results  by  dif¬ 
ferent  methods,  illustrate  the  problem.  The  iron  materials  dissolved 
in  the  aqueous  phase  cause  the  phase  separation  method  to  give  an 
erroneously  high  value  for  the  water  equivalent. 
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TABLE  1U 


ANALYTICAL  METHODS  AND  RESULTS  FOT  BJUIYAUSOT  IN 


Propellant  Description  and  Treatment 


As  rcce ived 

H^O  added  to  0.2  v/o;  in termittant 
contact  with  NOFe(NG^)^  when  hot 


v/o  H~Q  Eqa  ivalent 
*  Found 


0.03 

0.15 

(calculated  0. 12 
from  NO) 


Analytical  Method 
Phase  Separation 
Phase  Separation 


H,,0  added  to  0.2  v/o;  stored  and 
contacted  with  same  N0Fe(NQ  )^ 
(now  partially  hydrated)  used 
above 


0.39 


Phase  Separation 


H,,0  added  to  0.2  v/o;  heated  for 
3^days  at  150  F  in  stainless  steel 


.46,  0.46 

0.11 


Phase  Separation 
Turner  Bulb 


Dried,  Qf.  treated  in  glass  and  dis¬ 
tilled  from  Po0„;  RjO  added  to  part 
to  cause  phase  separation  followed 
by  excess  Oo;  some  of  this  acid 
phase  plus  H^O  added  to  remaining 
dry  N204 


>1.6 

1-31,  1.27 

(nmr  tube  shows  two 
phases  at  32  F;  also 
similar  behavior  in 
tube  at  1.0  v/o  H^O 
equivalent) 


Phase  Separation 
mar 
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PHASE  II:  ENGINEERING  EVALUATION 


INTRODUCTION 

This  task  was  det>igued  tc  study  the  effects  of  various  parameters  on  the 
rate  of  precipitation  of  the  metal  complex,  NOFe(NO^)^ ,  in  a  bench  scale 
flow  system.  Successful  additives  identified  in  the  laboratory  study  wei-5 
to  be  tested  for  effectiveness  and  lifetime.  The  possibility  of  flow  decay 
in  aluminum  and  titanium  systems  was  to  be  investigated;  also  the  effect,  of 
water,  of  valve  geometry,  and  of  various  materials. 

EXPERIMENTAL  SYSTEM 

Flow  Bench 


An  experimental  flow  bench  system  was  built  and  used  for  study  of  the  flow 
decay  phenomenon  under  contract  AJP04(6l 1 )-l 1620  (Ref.  l).  For  this  program, 
although  the  bne'c  concept  of  the  flow  system  remained  the  same,  the  flow 
bench  itself  was  completely  refurbished  with  a  number  of  improvements  over 
the  old  system.  In  general,  smaller  and  shorter  lines,  smaller  v*lves, 
and  more  insulation  were  used  to  reduce  thermal  lags  during  start  01  flow. 
Improved  instrumentation  and  control  were  alno  added. 

A  schematic  of  the  flow  system  n  presented  in  Fig.  5.  The  main  tank,  or 
run  tank,  is  contained  within  a  temperature- regulated  water  bath  Both 
the  main  tank  and  the  catch  tank  are  5-gallon  stainless-steel  cylinders. 

The  tanks  are  connected  to  «  pressurisatiou  and  vent  system  which  main¬ 
tains  both  the  tank  being  emptied  and  the  tank  being  filled  at  constant 
pressure  during  a.y  flow  process.  All  controls,  including  the  setting 
of  pressure  levels,  are  operated  remotely. 

Two  parallel  test  sections  are  provided.  The  flowrate  through  each  is 
set  by  a  se rvo- ope  rated  remote-control  valve.  Between  each  test  section 
and  the  main  tank  is  a  heat  ex  hanger.  The  heat  exchangers  consist  of  a 
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PRESSURIZATION  SYSTEM 


length  cf  l/4-inch  stainless-steel  tubing  in  an  open  water  bath.  Each 
beet  exchanger  bath  is  agitated  and  the  +■•  ;perature  is  held  constant  by 
an  on-off  controller  vnich  regulates  e  flow  of  ice  water  from  a  refrig¬ 
erating  hath.  A  standpipe  returns  the  overflow  from  the  heat  exchanger 
bath  to  the  refrigerating  bath.  Ball  valves  are  provided  to  route  the 
flow  either  through  the  heat  exchangers  or  around  there  before  entering 
the  test  sections. 

After  completing  a  run,  propellant  is  recycled  to  the  main  tan1'  through 
a  bypass  line  whicu  can  c  filtered  01  not,  as  desired. 

Instrumentation 

Nitrogen  tetrGxide  flowrates  were  ss  asured  in  eacn  of  the  parallel  test 
sections  by  Fi sche r-Porte r  rad  10- f requency-type  turbine  flowmeters.  Pro¬ 
pellant  temperatures  were  measured  in  the  Bain  tank  and  in  the  line 
between  the  heat  exe»  anger  outlets  and  the  test  sections  by  i ron-constantao 
thermocouples  and  a  Pace  1'50-degree  reference  junction.  Pressures  upstream 
and  downstream  of  one  test  section  were  determined  with  two  Taber  pressure 
trar.sducer?! .  These  flowrates,  temperatures,  and  pressures  2  recorded 
on  four  Hewlett  Packard  Kosely  dual-pen  strip-chart  recorders. 

Pressures  in  the  main  tank,  catch  tank,  and  pressure  regulating  systems 
were  observed  on  bourdon- tube  pressure  gages. 

Heat  exchanger  temperatures  were  read  directly  fros  the  control  lers,  and 
the  servocontrol  units  for  the  wtering  valve*  pro.  *um  an  indication  of 
the  valve  position. 

Ope  rat  ing  Procedures 

Before  taking  a  run,  the  propellant  va-3  allowed  to  souk  in  the  su»  i  n  tank 
and  equalize  to  the  temperature  of  the  surrounding  water  bath.  The  heat 
exchanger  control lera  were  also  turned  on  to  bring  the  beat  exchanger 
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baths  to  the  desired  temperature.  Final  prerua  preparations  consisted 
of  setting  the  ball  valves  in  the  flow  system  to  achieve  the  desired 
flow  path. 

To  begin  a  run,  the  main  tank  was  pressurized  to  the  selected  level  with 
ff  s30U3  nitrogen.  The  catch  tank  was  then  pressurized  and  the  vent  regu¬ 
lator  set  to  the  proper  pressure.  Flow  was  started  by  actuating  the 
remote-operated  ball  valve  at  the  catch  tank  inlet.  Individual  flowrates 
through  the  test  sections  were  adjusted,  as  necessary,  by  means  of  the 
metering  valves. 

Most  runs  were  carried  to  propellant  depletion.  After  the  run,  the  pro¬ 
pellant  was  returned  to  the  main  tank  through  the  bypass  filter  line. 

The  majority  of  the  runs  were  con*  ..'ted  with  a  main  tank  temperature  of 
approximately  125  F  and  5  neat  exchanger  temperature  of  about  60  F. 

R3SULTS  AND  DISCUSSION 


Flow  Decay  With  Dry  Propellant 


An  extensive  characterization  of  the  phenomenon  of  flow  decay  in  "red" 
or  "brown"  pi  pellant-gvade  nitrogen  tetroxide  (M1L-P-26539A)  was  reported 
in  Ref.  1.  It  was  found  that  precipitation  of  a  solid  material,  identi¬ 
fied  as  NOFe(NO^)^  could  be  induced  by  heating  N^O^  in  contact  with  iron, 
then  cooling  p  ior  to,  or  during  flow.  This  material  is  extremely  adhesive 
and  accumulates  at  all  points  of  flow  constriction  such  as  valves,  filters, 
and  orifices. 


The  solubility  limit,  in  dry  propellant,  of  NOFe(NQ^)^  has  been  shown  to 
be  on  the  order  o*-  1  to  2  ppn  as  iron.  It  has  also  been  determined  that 
a  positive  temperature  coefficient  of  solubility  exists.  This  provides  a 
basically  simple  mechanism  for  the  occurrence  of  flow  decay.  When  ^0^ 
has  been  in  contact  with  iron  for  a  sufficient  length  of  time,  a  saturated 
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solution  of  NOF^MQ^)^  will  ba  produced.  Ratt-of-soluticu  experiment# 
indicate  that  equilibrium  concentration  is  reached  in  no  acre  than  a  few 
hours  at  temperatures  of  100  to  .120  F.  If  the  solution  is  then  cooled, 
it  will  eecoBse  supersaturated  with  resect  to  the  flow  decay  material 
and  ordinary  precipitation  will  occur.  Deposits  of  the  material  have 
been  obtained  by  simply  flowing  hot  NO.  past  a  cold  surface  (Ref.  l). 


Because  equilibrium  solubility  is  reached  quite  rapidly,  it  is  expected 
that  any  batch  of  propellant  will  contain  flow  decay  material  that  can 
be  precipitated  out  by  cooling.  If  the  solution  is  saturated,  the  amount 
of  coding  necessary  for  precipitation  can  very  small.  Flow  beach  runs 
have  been  made  showing  large  rates  of  flow  decay  with  a  temperature  drop 
of  less  than  5  F.  Although  temperature  drop  alone  is  sufficient  to  pre¬ 
cipitate  some  material,  much  more  precipitate  is  obtained  if  the  pressure 
is  also  decreased  during  flow.  The  magnitude  of  the  pressure  drop  across 
the  constriction  in  which  flow  decay  is  occurring  has  an  important  effect 
on  the  rate,  but  the  absolute  pressure  does  not  appear  to  be  influential 
(Ref.  1). 


The  buildup  of  flow  decay  deposits  is  approximately  linear  with  time, 
regardless  of  flowrate.  Because  we  total  amount  of  material  present  is 
extremely  small,  only  flow  systems  with  a  very  small  cross  section  to 
flow  will  be  appreciably  affected.  Because  the  underlying  process  is 
based  on  an  equilibrium  temperature  solubility  curve,  the  effects  of  flow 
decay  are  reversible  (i.e,,  if  the  is  heated  rather  than  cooled  while 

flowing,  it  will  dissolve  previously  precipitated  deposits  in  valves,  fil¬ 
ters,  orifices,  etc.). 


At  the  at«rt  of  this  program,  it  was  agreed  that  all  testing  would  be 
limited  to  the  use  of  "green"  propellant  (>SC  FPD-2A )  containing  0. 6-percent 
NO.  Therefore,  the  first  task  of  the  flow  bench  testing  was  to  verify  that 
the  same  type  of  behavior  as  had  been  observed  with  brown  would  also 
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occur  with  the  green  propellant.  The  system  was  loaded  with  +  w/o  NO 

+  0.0<6  w/o  Ko0  equivalent.  (PPD-2A)  and  allowed  to  soak  for  3  days  at  110  F. 

On  the  fir"t  flow  run,  flow  decay  was  procured  in  the  teat  orifice.  This 
is  in  contrast  to  the  xperience  on  the  previous  program  where  approximately 
3  weeks  of  operation  v?re  required  before  flow  decay  appeared  spontaneously. 
One  important  factor  is  that  in  this  case  the  tanks  were  not  new;  the  tanks 
from  the  previous  flow  bench  were  cleaned  and  reinstalled. 

Typical  flow  decay  behavior  with  the  green  propellant  (PPD-2A)  is  presented 
in  Fig,  4.  The  effect  is  seen  to  be  temperature  reversible.  After  previous 
runs  with  propellant  flowing  through  the  heat  exchanger  had  resulted  in  par¬ 
tial  plugging  of  the  metering  valve,  the  heat  exchanger  was  bypassed  during 
run  6k  and  the  hot  dissolved  the  solid  deposit.  It  should  be  noted 

that  the  soak  temperature  of  the  propellant  was  1 16  F  and  the  temperature 
of  the  propellant  flowing  through  the  test  orifice  was  113  F,  a  measured 
3-degree  decrease  in  propellant  temperature.  At  first  glance  theee  results 
appear  anomalous  in  light  of  the  above  discussion.  They  are,  however,  com¬ 
pletely  consistent  with  physical  chemical  principles;  i.e.,  solubil  ity 
equilibrium  is  reached  quite  rapidly  (Ref.  l)  between  the  tank  walls  and 
the  propellant  adjacent  to  the  tank  wall  (with  respect  to  the  soluble 
iron  species),  lu  a  relatively  large-volume  quiescent  system  under  iso¬ 
thermal  conditions,  the  diffusion  of  the  soluble  iron  species  from  the  pro¬ 
pellant  adjacent  to  the  tank  wall  to  the  bulk  of  the  propellant  is  neces¬ 
sarily  a  slow  process 

The  maximum  concentration  gradient,  which  provides  the  only  driving  force 
under  isotnermal  conditions  to  achieve  complete  equilibria  with  respect 
to  the  soluble  iron  species,  is  something  less  than  that  caused  by  a  dif¬ 
ferential  concentration  of  2  ppm  in  terms  of  iron.  Although  the  exact 
molecular  structure  of  the  soluble  iron  species  has  not  been  ascertained, 
it  must  be  relatively  heavy  on  the  atomic  scale  resulting  in  a  propor¬ 
tionately  low  diffusion  coefficient. 


On  the  basis  of  t«.e  measured  data  and  the  above  discussion,  it  is  apparent 
that  the  bulk  of  the  propellant  had  not  achieved  equilibrium  with  regard 
to  the  solubility  of  the  iron  species  after  a  24-hour  soak  at  116  P.  As 
a  result,  the  solubility  of  the  iron  species  in  the  flowing  or  mixed  pro- 
pelia^l  the  bulk  of  the  propellant  plus  the  propellant  adjacent  to 

the  tank  wails)  was  not  exceeded  at  the  flow  temperature  113  F.  As  a  con¬ 
sequence,  the  deposit  in  the  valve  dissolved.  The  experimental  results 
were  similar  to  those  obtained  on  many  runs  with  brown  MIL-P-26539A/B 
(Ref.  l).  After  making  several  flow  bench  runs  with  varying  experimental 
conditions,  it  was  concluded  that  the  behavior  «f  No0^,  as  defined  by  the 
MSC.-FFD-2  specification  which  contains  0.06  v/o  water  equivalent,  was 
identical  in  all  respects  to  that  of  brown  as  specified  in  MIL-P- 

26539B  which  contains  leas  than  0.1  v/o  water  equi».*lent 

Effect  of  Water 

Analysis  in  accordance  with  procedures  specified  in  MSC-PPO-2A  of  the 
bulb  propellant  used  in  this  program  indicated  a  water  content  of  0.06  w/o, 
approximately  the  same  as  that  of  the  brown  propellant  used  in  the  previous 
program.  Although  it  had  been  suspected  that  water  concentration  might 
be  a  variable  of  interest,  there  was  no  evidence  to  suggest  that  flow 
decay  behavior  would  be  influenced  in  any  particular  way  by  changing  the 
water  content.  However,  it  was  felt,  that  high  concentrations  of  water 
would  provide  the  most  unfavorable  conditions  because  of  the  known  increase 
in  corrosivity  of  N^O^  with  increaje  in  water  content.  Therefore,  it  was 
agreed  that  the  flew  bench  tests  would  be  conducted  with  propellant  con¬ 
taining  0.2-percent  water,  the  upper  limit  of  the  use  specification. 

After  establishing  baseline  behavior  with  the  as-received  propellant  con¬ 
taining  0.6-percent  NO  and  0.06-percent  HgO,  water  was  rsdded  to  the  flow 
bench  to  increase  the  water  content  to  about  0.2  percent.  Succeeding 
runs  produced  uo  evidence  of  flow  decay  behavic  '.  This  result  was  totally 
unexpected.  Fropellant  samples  were  then  removed  from  the  flow  bench  and 
reanalyzed.  The  analysis  ahowed  a  water  content  of  about  0.44  percent. 
Attempts  were  made  to  discover  the  source  of  the  excess  water,  but  analysis 
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confirmed  that  neither  the  bulk  supply  nor  the  nitrogen  pressuraat, 

the  only  other  system  input,  were  excessively  wet.  It  was  the.*  postu¬ 
lated  that  water  from  the  tempera t  re-control  baths  surrounding  the 
main  tank  and  the  heat  exchangers  somehow  contaminated  the  system  over 
a  period  of  time. 

The  flow  bench  was  emptied,  purged,  and  reloaded  with  propellant.  Flow 
decay  reappeared  immediately.  Then  a  number  of  runs  w.,.^  made  to  see  if 
the  water  concentration  would  change  with  time.  However,  the  analytical 
results  were  constant  at  0,06-percent  water.  Water  was  then  added  as 
before,  to  bring  the  concentration  up  to  0.2  percent.  After  thoroughly 
mixing  the  propellant  by  recirculation,  a  sample  removed  from  the  system 
yielded  an  analysis  of  0, 39-percect  water.  At  about  this  time,  a  aeries 
of  similar  experiences  in  the  laboratory  effort  confirmed  the  obvious 
conclusion:  the  phase  separation  method  for  water  analysis  can  give 
highly  incorrect  results  when  the  propellant  has  been  heated  and/or 
saturated  with  iron  corrosion  products  (see  section  on  laboratory  Effort). 

Although  the  water  analysis  was  shown  to  be  inaccurate,  the  original  flow 
bench  observation  remained  as  before:  increasing  the  water  content  from 
0.06  to  0.2  percent  in  a  system  experiencing  flow  decay  through  a  valve 
results  in  the  elimination  of  flow  decay.  The  flow  decay  deposits  are 
removed  and  flowrate  is  completely  recovered.  In  this  respect,  water  at 
first  appeared  to  be  as  effective  an  additive  in  preventing  flow  decay  as 
those  discovered  in  the  previous  effort  (Ref.  l).  However,  the  observa¬ 
tion  of  gelatinous  or  viscous  liquid  deposits  in  wet  propellant  ii  the 
laboratory  soon  led  to  the  following  hypothesis:  The  addition  of  water 
to  the  system  converts  NOFe(NO^)^  to  a  gel-like  material  as  observed  by 
TRW  (Ref.  2)  in  their  flow  bench  experiments.  This  material  will  not 
stick  to  or  clog  a  valve,  but  would  be  removed  by  a  filter. 

To  test  the  above  hypothesis,  a  flow  bench  experiment  was  set  up  with  a 
needle  valve  in  one  side  of  the  parallel  flow  circuit  and  a  filter  in 
the  other.  The  filter  waa  stainJeas  steel,  with  a  2-  to  5-m.icron  pore 
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sia-e.  The  valve  setting  was  adjusted  to  provide  the  same  initial  flow- 
rate  through  valve  and  f liter  with  a  pressure  drop  of  60  psi ,  A  fresh 
load  of  propellant  was  placed  in  the  flow  bench  and  "normal"  flow  decay 
behavior  observed.  Flowrates  through  both  filter  and  valve  decreased 
slowly  with  time.  Then  vatei  was  added  to  the  system  to  bring  the  con¬ 
centration  up  to  0.2  percent.  On  the  following  run,  the  deposits  in  the 
valve  were  immediately  removed;  flowrate  in  this  arm  of  the  test  section 
returned  to  its  initial  value  and  remained  steady  for  the  duration  of 
the  run.  The  filter,  in  the  other  ana  of  the  parallel  flow  circuit, 
with  inlet  and  outlet  conditions  identical  to  those  for  the  valve, 
showed  a  higher  rat®  of  flow  decay  than  before.  These  two  tans  are 
shewn  in  Fig.  *5.  It  should  be  noted  in  run  36  that  the  metering  valve 
(ite„,  the  test  orifice)  had  to  be  closed  sharply  to  maintain  flow  within 
the  desired  range.  The  conversion  of  the  crystalline  NOFe(NO^)^  to 
another  form,  presumably  a  viscous  liquid  or  gel-like  material,  is 
extremely  rapid  under  these  experimental  conditions. 

( 

In  repeated  runs  over  a  2-week  interval  after  the  addition  of  water,  no 
flow  decay  through  the  valve  was  observed.  Deposits  continued  to  accum¬ 
ulate  on  the  filter,  but  at  a  very  low  rate  as  compared  to  the  first  run 
after  water  was  added.  Later  runs  were  made  with  hot  propellant  flowing 
through  the  filter,  bypassing  the  heat  exchanger.  It  was  found  (Fig.  6) 
that  hot  ^2^4  dissolved  the  filter  deposits;  thus  the  deposition  of  gela¬ 
tinous  material  on  filters  in  wet  is  temperature  reversible,  as  is 

the  deposition  of  solid  NOi^NO^)^  in  dry  ^0^,  As  discussed  previously, 
the  propellant  had  not  reached  equilibrium  with  respect  to  the  soluble 
iron  species.  In  tius  instance,  a  soak  time  of  only  1.5  hours  was  used 
and  the  gel-like  deposit  dissolved  when  exposed  to  hot  propellant.  This 
suggests  that  aa  equilibrium  solubility  is  involved  in  buth  cases,  with 
the  nature  of  the  insoluble  material  being  a  function  of  the  water  con¬ 
tent  of  the  propellant. 
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Effect  of  Water 


All  the  above  experiments  were  repeated  over  a  2-m^nth  period  with  idea- 
tical  results.  The  dimensions  of  th«-  flow  decay  problem,  as  perceived 
at  the  beginning  of  this  program,  were  thus  greatly  changed.  Instead  of 
a  single,  well -characterized  deposit,  at  least  two  entirely  different 
types  of  deposit  are  formed,  depending  on  water  concentration. 

Filter  Effects 


Because  the  deposits  formed  in  Nr0^  containing  0.2-percent  water  do  not 
adhere  to  normal  valves  and  orifices,  it  was  impossible  to  use  the 
experimental  techniques  which  were  used  in  studying  the  deposition  of 
NOFe(WO^)^.  If  was  necessary  to  use  filters  instead  of  valves  as  the 
test  restriction  for  detecting  the  occurrence  of  flow  decay.  This  caused 
certain  difficulties  in  flow  bench  experimentation  because  flow  area 
through  filters  cannot  be  adjusted  easily  aa  it  can  with  valves.  The 
design  principle  on  which  the  flow  bench  operates  requires  that  the 
pressure  drop  across  the  test  restriction  be  at  least  of  the  same  order 
of  magnitude  as  the  pressure  loss  through  the  rest  of  the  flow  system. 

If  it  is  not,  then  Email  changes  in  the  flow  area  of  the  test  restric¬ 
tion,  due  to  flow  decay  deposits,  will  not  appear  as  significant  changes 
in  flowrate  through  the  bench  system. 

The  filters  use'J  in  this  study  were  made  of  sintered  505  stainless  steel, 

with  a  thickness  of  approximately  O.ObO  inch.  The  five  different  pore 

sizes  used  were  2-5  (2  micron  nominal,  5  micron  absolute),  5-9,  10-15, 

•> 

20-50,  and  40-55  microns. 

Huns  78  and  79  (Fig.  7)  illustrate  the  behavior  of  flow  decay  in  2-5 
micron  filters  using  dry  propellant.  The  flow  traces  resemble  those 
obtained  with  a  valve  as  the  test  restriction,  but  the  decrease  of  flow- 
rate  with  time  i e  less  linear  and  not  as  reproducible  on  succeeding  runs. 
When  the  water  concentration  was  increased  to  0.2  percent,  resulting  in 
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boentuo  loss  reproducible  end  harder  to  analyze,  it  was  genera  11 
that  the  first  run  after  adding  water  produced  an  appreciably 


‘tier  rate  of  flow  decay  than  immediately  succeeding  runs.  This  is 

.ujtrated  by  the  data  for  the  2-5  micron  filter  in  Fig.  8.  ft  would 
a  been  impractical  to  conduct  every  run  with  a  new  load  of  propellant 
obtain  the  higher,  more  useful  rate  of  flow  decay  on  each  run. 
rofo re,  it  was  necessary  to  try  to  compare  data  from  runs  showing 


M_.il)  and  nonre producible  rates  of  flow  decay. 


Tfea  Materiel  deposited  from  vet  No0^  in  the  fir  .t  filter  experiment 
(Fig.  5)  did  not  clog  the  valve  which  was  in  parallel  with  the  2-5  micron 
filter.  This  suggested  that  it  might  he  possible  that  a  filter  could  be 
found  with  a  pore  size  large  enough  to  let  the  gelatinous  flow  decay 
deposits  pass  through,  but  still  small  enough  to  perform  most  necessary 
filtering  functions.  Baseline  runs  wi  two  2-5  mitron  filters  in  par¬ 
allel  varied  appreciably  but  showed  e  oximately  the  same  magnitude  of 
flow  decay  in  each  (Fig.  6).  One  of  filters  was  then  changed  to 
the  largest  pore  size  available,  40-:  licrons.  Parallel  runs  then  gave 

tha  same  decay  rate  as  before  in  the  7  micron  filter,  but  no  discern¬ 

ible  flow  decay  in  the  side  with  the  -10-55  micron  filter.  An  uncon¬ 
trolled  parameter  in  this  experiment  was  the  pressure  drop  across  the 
filter.  Because  the  pressure  drop  through  the  large -pore- size  filter 
uciu  much  smaller,  a  valve  upstream  of  this  filter  adjusted  the  system 
flowrate  and  pressure  drop  to  be  the  seme  in  both  circuits. 


I'ho  above  experimental  arrangement  resulted  in  the  type  of  unsatisfactory 
condition  discussed  earlier;  small  amounts  of  deposit  on  the  large-size 
filter  would  not  cause  appreciable  changes  in  flowrate.  Therefore,  the 
experiment  was  repeated  using  a  40-55  micron  filter  with  oaly  one-tenth 
U.e  surface  area.  In  this  case,  flow  decay  was  observed  at  approximately 
t;.e  same  rate  tnt  for  the  2-5  micron  filler  (Fig.  g).  For  fi  It.  rs  in 
flii  m  size  range,  it  appears  that  the  rate  of  decrease  m  flow  area 
through  the  filter  is  independent  of  the  oize  of  the  individual  pores. 
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An  attempt  was  made  to  determine  quantitative  relationships  between  fil¬ 
ter  size  and  area  and  the  magnitude  of  flow  plugging  to  be  expected  in  a 
gi  en  system,  Bata  from  filters  with  different  pore  sizes  were  corre¬ 
lated  by. means  of  the  flov  coefficient,  C^,  defined  as: 


C 

v 


(flowrate 


/  liquid  specific  gravity 
'pressure  drop  across  filter 


Figure  9  is  a  plot  of  the  observed  values  for  a  series  of  runs  with 
different  filters.  The  abscissa  on  this  graph  is  the  volume  of  propel¬ 
lant  flowed  through  a  filter  divided  by  the  surface  area  of  the  filter. 
All  runs  were  made  with  tvo  filters  in  parallel  having  different  pore 
sizes.  The  total  run  time  remained  approximately  constant,  so  that  the 
filters  with  the  smallest  Cy  values  had  a  smaller  quantity  of  propellant 
flowed  through  them.  As  flow  decay  deposits  accumulate  on  the  filter, 
the  cross  section  available  for  flow  is  reduced,  and  the  effective  C 

v 

is  reduced.  When  changes  in  values  due  to  flow  decay  deposits  are 
given,  it  is  then  possible  to  compute  either  the  decrease  in  flowrate 
which  would  occur  in  a  constant  pressure  system,  or  the  increased 
resistance  and  its  effect  on  flow  in  a  pump-fed  system. 


The  objective  of  plotting  the  data  in  this  fashion  was  to  make  it  pos¬ 
sible  for  a  system  designer  to  select  a  filter  pore  size  and  be  able  to 
compute  the  filter  area  needed  for  a  given  total  quantity  of  propellant, 
to  keep  the  possible  effects  of  flow  decay  within  the  special®,!  limits. 
However,  the  data  obtained  were  not  reproducible  and  consistent  enough 
to  develop  definite  quantitative  relationships.  For  instance,  run  134 
showed  approximately  the  same  rate  of  flow  decay  in  a  2-5  micron  filter 
as  in  a  10-15  micron  filter,,  but  in  run  138  the  10-15  micron  filter 
shoved  a  higher  rate  of  flow  decay.  This  nonreproducibility  of  rates 
made  it  impossible  to  make  meaningful  comparisons  between  filters  on 
individual  runs.  The  data  in  Fig.  9  show  clearly  that,  the  smaller  the 
initial  Cy  for  a  filter,  the  higher  the  probability  that  it  will  b®  sub¬ 
ject  to  flow  decay  when  used  to  filter  a  given  volume  of  propellant. 
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Figure  9 .  Flow  Deeaj 


Therefore,  filter  pressure  drops  should  always  be  kept  as  low  as  pos¬ 
sible.  If  filter  size  or  area  is  fixed  by  other  constraints,  then  the 
flow  coefficient  should  be  as  large  as  possible  (which  usually,  though 
not  necessarily,  means  using  the  largest  pore  size  which  is  acceptable). 

Additive  Effects 

The  primary  objective  of  this  program  was  to  demonstrate  the  elimination 
of  flow  decay  through  the  use  of  chemical  additives.  After  discovery  of 
the  effect  of  water  in  changing  the  nature  of  the  flow  decay  deposits, 
it  was  soon  found  that  the  additives  which  had  previously  proved  effec¬ 
tive  in  dissolving  NOFe(NO^)^  were  not  able  to  dissolve  the  gelatinous 
or  viscous  liquid  deposits  obtained  from  NgO^  +  0.6-percent  NO  +  0.2- 
percent  H^O.  Therefore,  a  search  for  new  additives  was  conducted  in 
the  laboratory  effort  and  two  of  the  materials  tested  were  carried  into 
flow  bench  tests. 

Picric  Acid.  Although  it  was  not  effective  in  dissolving  the  liquid 
deposits,  picric  acid  (2,4,6-trinitropheuol)  was  observed  to  cause  a 
crystallization  of  the  liquid.  This  did  not  provide  the  hoped-for  pre¬ 
vention  of  deposits,  but  it  was  thought  that  the  characteristics  of  the 
crystalline  material  might  be  such  that  it  would  not  cause  plugging  of 
the  filters.  If  a  porous  filter  cake  were  produced,  the  effect  on  sys¬ 
tem  flowrate  might  be  negligible  even  though  substantial  quantities  of 
the  material  wert  present  on  a  filter.  With  this  in  mind,  0.25  weight 
percent  of  picric  acid  was  added  to  a  new  load  of  N^O^  and  allowed  to 
heat  in  the  main  tank  overnight.  The  first  flow  rut*  was  made  with  a 
2-5  micron  filter  in  parallel  with  a  reduced-area  40-55  micron  filter, 
both  of  which  contained  some  flow  decay  deposit  from  a  previous  run. 

The  result  was  a  flow  decrease  across  both  filters  (Fig.  10).  Midway 
through  the  run,  zlow  was  switched  to  bypass  the  heat  exchanger  and  send 
hot  propellant  through  the  filters.  At  first,  flowrate  sharply  increased, 
indicating  a  dissolving  of  the  deposit;  but  then  flowrate  again  began  to 
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Figure  1G.  Flow  Decay  With  Picric  Acid  Additive 


drop,  h*rticularly  in  the  reduced-area  filter.  These  results  appear  to 
correspond  to  the  laboratory  observations,  where  only  a  part  of  the 
deposit  was  affected  by  picric  acid  and  the  remainder  was  soluble  in  hot 
propellant.  Thus,  on  bypassing  the  heat  exchanger,  the  unaffected  por¬ 
tion  of  the  deposit  was  first  redissolved,  then  additional  precipitation 
of  the  picrate  caused  flowrate  to  decrease  again.  Additional  runs 
resulted  in  more  deposition  and  a  further  decrease  in  flow  (Fig.  10), 

Next,  water  was  added  to  the  system  to  bring  the  concentration  to  0.2 
percent.  Following  runs  showed  no  significant  increase  or  decrease  in 
the  flowrate.  The  filter  deposits  did  not  redissolve  as  when  water  is 
added  to  a  system  with  deposits  of  solid  NOFe(NO^)^.  When  the  filters 
were  removed  for  cleaning,  a  thick  layer  of  yellow  solid  was  observed 
on  the  2-?  micron  filter,  but  none  on  the  40-55  micron  filter.  It  is 
possible  that  the  plugging  of  the  larger  filter  occurred  within  the 
pores  rather  than  on  the  surface. 

The  flow  bench  was  emptied  and  reloaded  with  propellant.  This  time  the 
propellant  was  first  brought  to  0.2-percent  water  content  before  adding 
the  picric  acid.  The  behavior  observed  was  essentially  the  same  as 
previously  when  the  picric  acid  was  added  before  the  water.  Flow  runs 
were  made  with  a  2-5  micron  filter  in  parallel  with  a  needle  valve.  On 
the  first  run,  flow  through  the  filter  decreased  sharply,  but  the  valve 
was  unaffected.  Succeeding  runs  over  a  period  of  2-l/2  weeks  showed  no 
appreciabl  further  deposition  in  the  filter.  These  data  suggest  that 
picric  acid  in  wet  forms  an  insoluble  precipitate  with  any  flow 

decay  arterial  in  solution,  but  then  inhibits  the  formation  of  additional 
material  from  the  tank  well.  Tb.as,  the  use  of  picric  acid  as  both  an 
additive  and  a  passivation  or  pickling  treatment  might  prevent  flow 
decay.  If  picric  acid  were  added  to  a  system,  and  the  propellant  then 
filtered  to  remove  the  precipitate  initially  formed,  flow  decay  might  not 
occur  in  that  system  as  long  ae  some  picric  acia  remained  in  the  propellant. 
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After  completing  the  second  series  of  runs  with  picric  acid,  the  flow 
bench  was  emptied  and  reloaded  with  new  propellant  adjusted  to  0.2-percent 
HgO.  The  first  three  runs,  with  a  10-15  micron  filter,  exhibited  a  mod¬ 
erate  rate  of  flow  decay.  However,  the  next  few  runs  showed  increasing 
flowrates,  both  when  going  through  the  heat  exchanger  and  when  bypassing 
it.  It  was  hypothesized  that  this  behavior  was  due  to  an  inhibiting 
layer  formed  on  the  tank  wall  by  picric  acid  in  the  previous  experiments 
and  the  addition  of  fresh  propellant  without  picric  acid  shifted  the 
solubility  equilibrium.  Therefore,  the  system  was  again  emptied  and 
washed  with  deionized  water.  After  drying  and  refilling  with  propel- 
laut,  normal  behavior  was  restored. 

Dime thvlsulf oxide .  Dimethylsulf oxide  (DMSO)  was  observed  to  dissolve 
liquid  flow  decay  deposits  from  wet  propellant  in  the  laboratory  depos¬ 
itor.  It  was  the  only  material  discovered  to  do  so.  Before  testing 
DMSO  in  the  flow  bench,  a  new  load  of  propellant  (N'^O^  +  0.6-percent  NO  + 
0.2-percent  H^O)  wa®  placed  in  the  bench  and  flow  decay  demonstrated  with 
a  2-5  #nd  a  10-15  micron  filter  in  parallel  (run  143,  Fig.  ll).  Then 
0.25-p*rcent  DMSO  was  added  to  determine  whether  the  previouoly  deposited 
material  would  dissolve.  Instead  of  flew  recovery,  sharp  flow  decay  was 
observed  in  both  filters  (run  144,  Fig.  ll).  Switching  the  flow  to 
bypass  the  heat  exchanger  did  not  dissolve  the  deposits.  Additional 
runs  continued  t'  reveal  flow  decay. 

A  now  batch  oi  propellant  was  then  loaded  into  the  flow  beuch  and  water 
and  DMSO  added.  •  Again,  flow  decay  appeared,  both  when  flowing  through 
the  heat  exchanger  and  when  bypassing  it.  A  third  propellant  load  also 
produced  the  same  results. 

At  this  time,  the  flow  bench  was  again  emptied  and  then  reloaded  with 
dry  propellant.  Only  a  moderate  rate  of  flow  decay  was  obtained  with 
the  dry  propellant;  a  second  load  also  failed  to  show  the  strong  flow 
decay  normally  observed  in  previous  batches  on  the  first  run.  These 
results  may  indicate  that  a  passive  film  was  formed. 
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Effect  of  Dimethy] auJ foxide  on  Flow  Decay 


No  satisfactory  explanation  could  be  found  for  the  failure  cf  DMSO  to  dis¬ 
solve  the  flow  bench  deposits  as  it  had  in  the  laboratory  depositor.  This 
was  the  only  instance  in  which  laboratory  observations  could  net  be  con- 
finned  in  the  flow  bench.  A  final  flow  bench  run  again  resulted  in  flow 
decay  with  0. 2-percent  water  and  0.5-  ircent  DMSO. 

Coupon  Corroaion  Tests 

The  objective  of  this  task  was  to  compare  the  corrosivity  and  materials 
compatibility  of  PPD-2A  propellant  with  those  of  the  same  propellant  con¬ 
taining  the  chosen  additive  to  prevent  flow  decay.  Materials  chosen  for 
testing  included  aluminum  alloys  2219,  6o6l,  and  2014,  stainless  steel  347 
titanium  6A-14V,  maraging  steel  250,  Teflon,  and  Kynar.  Test  samples 
were  cut  into  disks  I3/16  inch  in  diameter  and  l/l6  inch  thick.  These 
specimens  were  strung  on  Teflon  rods  and  separated  by  Teflon  spacers.  To 
furtber  minimize  interaction  between  specimens,  Kel-F  disks  7/8  inch  in 
diameter  by  l/l6  inch  thick  were  placed  between  the  specimens  on  the  rods 
and  separated  by  Teflon  spacers.  Sample  bombs  were  made  of  sections  of 
1-inch  tubing  to  house  the  assembled  specimen  rods.  Stainless-steel 
valves,  tubes,  and  caps  were  used  for  the  stainless  steel,  maraging  steel, 
titanium  and  Kynar  samples  Aluaiuum  valves,  tubes,  and  caps  vere  used 
for  th*  aluminum  and  Teflon  specimens.  Enough  material  specimens  end 
sample  bombs  were  provided  to  allow  testing  of  three  additives,  for  three 
different  exposure  tiu*e~temperature  combinations,  with  both  liquid  end 
vapor  exposures  and  duplicate  samples  for  every  test  condition. 

Analysis  of  the  bulk  propellant  yielded  a  composition  of  99.05-p«rcent 
NO,  and  0.05-percent  H^O.  Water  was  added  to  bring 
the  concentration  up  to  C.2  percent. 

Before  discovering  the  effect  of  water  on  the  nature  of  cue  flow  decay 
deposits,  acetonitrile  was  considered  to  be  the  most  effective  chemical 
additive  found.  Tberefo  re,  the  first  set  of  long-term  coupon  testa  were 
initiated  with  0.25-p*rcent  acetonitrile  and  an  untreated  propellant  blank. 
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After  the  laboratory  effort  showed  that  f»v.etorntri la  could  no  longer  be 
C(  ■’sidered  an  effective  additive,  the  coupon  teBts  were  terminated  with¬ 
out  analysis  of  the  results.  Corrosion  tests  for  the  additives  picric 
acid  and  dioethylsulfoxi de  vere  not  conduct*  ’  because  of  the  unsuccess¬ 
ful  results  obtained  in  the  flow  bench. 

Flow  Decay  in  AIuf  nun  and  Titanium  Systems 

A  small  flow  bench  system  was  constructed  for  experiments  to  determine 
whether  partially  soluble  metal  complexes  would  form  us  corrosion  prod¬ 
ucts  in  aluminum  and  titanium  tankage,  and  would  then  precipitate  in 
valves  and  filters  to  cause  flow  decay. 

Flow  Bench  and  Instrumentation.  Three  separate  flow  systems,  one  using 
stainless-steel  tacks,  one  titanium  tanks,  and  one  aluminum  tanks,  were 
built  and  enclosed  in  a  temperature -regulated  oven.  A  flow  schematic 
is  presented  in  Fig.  12.  Each  flow  system  consisted  of  a  main  soak  tank, 
a  run  line,  a  flowmeter,  a  heat  exchanger,  a  flow-control  needle  valve, 
a  filter  if  desired,  and  a  catch  tank.  The  tank  volumes  varied  between 
1  and  1.5  gallons.  The  stainiess-stee  1  ar,<]  aluminum  tanks  were  new,  hut 
the  titanium  tanks  had  been  used  previously  for  housing  N  0^  stress 
corrosion  samples.  Piping  and  valves  for  all  systems  were  stainless 
steel. 

Both  the  main  tank  and  catch  tank  could  be  siaintained  at  a  constant  pres¬ 
sure  or  vented  at  fixed  pressure  during  a  run.  Four  thermocouples  son* 
itored  the  temperature  at  various  points  in  the  oven.  Flowrates  vere 
measured  with  a  Fiscber-Porter  RF-type  turbine  flowmeter  and  read  out 
on  a  strip-chart  recorder. 

The  oven  was  maintained  at  a  constant  temperature  of  approximately  120  F. 
To  make  a  run,  the  main  tank  v*s  set  to  the  selected  pressure  and  the 
catch  tank  to  the  desired  rent  pressure.  The  beat  exchanger  coils  were 
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PRESSURE  AND  VENT  REGULATION  SYSTEKS 


Figure  12,  Aluminum,  Titanium,  and  Stainless-Steel  Parallel  Flow  System 


ceoled  with  running  tap  water.  Flovrsta  through  the  system  was  adjusted 
manually  with  the  needle  valve  to  about  0.1  gpa.  At  the  end  of  a  run  the 
catch  tank  was  pressurized,  the  main  tank  vented,  aiid  th6  propellant 
returned  to  the  main  tank  via  the  ran  line  and  heat  exchanger. 

Discussion  of  Results.  After  loading  with  as-received  propellant  (0.06- 
percent  water  content)  and  soaking  for  approximately  2  weeks  in  the  oven, 
a  flow  run  was  made  with  each  of  the  systems.  Flow  decay  across  the 
needle  valve  appeared  immediately  in  the  stainless-steel  system  but  not 
in  the  aluminum  or  titanium  systems. 

On  the  third  set  of  runs,  after  a  total  soak  time  of  4  weeks,  the  aluminum 
and  titanium  systems  were  each  fitted  with  a  5-9  micron  filter  downstream 
of  the  beat  exchanger.  The  following  ran  exhibited  a  sharp  rate  of  flow 
decay  in  both  systems,  as  well  as  in  the  stainless-steel  system  which  did 
not  have  a  filter  (Fig.  13).  The  filters  were  then  removed  for  analysis 
of  the  deposits.  No  deposits  were  visible  on  the  surface  of  the  filters. 
Analysis  of  the  filter  washings  by  emission  spectroscopy  indicated  the 
presence  of  titanium  in  the  titanium  system  but  no  .iuminum  in  the  alumi¬ 
num  system.  However,  it  was  suspected  that  the  extraction  procedure  might 
have  allowed  the  loss  of  the  aluminum  precipitate. 

The  filters  were  cleaned  and  replaced  in  the  system.  Succeeding  flow 
runs  again  produced  an  appreciable  rate  of  flow  decay.  The  filters  were 
removed  and  extracted  with  ethyl  acetate.  The  solvent  was  then  evaporated 
and  the  residue  analyzed  as  before.  Table  11  shows  the  results  of  the 


analysis. 


TABLE  11 


RESIDUE  ANALYSIS 


Constituent  Found 
ir  Residues 


Al,  percent 
Ti,  percent 
Fe,  percent 


5-9  Micron  Filter  Used 
in  Aluminum  System 


5-9  Micron  Filter  Used 
in  Titanium  System 


0.029 


>10.5 


RUN  4-T! 


igure  13.  Plow  Itecay  in  Aluminum,  Titanium,  and  Stainless  Steel 
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The  iron  content  of  the  filter  deposits  far  exceeded  the  aluminum  nr 
titanium  content.  However,  this  is  not  unreasonable  it  it  is  considered 
that  the  propellant  loaded  into  the  system  was  saturated  with  iron  at 
ambient  temperature.  Thus,  the  solution  of  a  small  amount  of  additional 
complexed  i^etal  nitrate  from  the  aluminum  or  titanium  tank  walls  could 
produce  a  salting-out  effect  on  the  iron  compound  and  yield  a  preeipitai* 
consisting  mostly  of  NOFe(NO  Also,  the  fittings  and  valves  attached 

to  the  tanks  were  ctainless  steel  and  could  have  contributed  a  certain 
amount  of  additional  iron  corrosion  products  during  the  test  period. 

This,  however,  would  resemble  the  actual  situation  likely  to  exist  in  a 
missile  system,  where  stainless-steel  components  would  be  intermixed  with 
titanium  or  aluminum  tanks.  An  unexplainable  result  of  the  analysis  is 
the  presence  of  aluminum  in  the  titanium  system  and  titanium  in  the  alum¬ 
inum  system.  It  is  possible  that  the  filters  were  not  sufficiently 
cleaned  after  the  first  analysis  and  that  they  were  inadvertently  switched 
when  placed  back  in  the  flow  system.  In  spite  of  this  anomaly,  the  results 
do  indicate  that  some  corrosion  of  the  aluminum  and  titanium  tank  walls 
did  take  place  and  contributed  toward  the  occurrence  of  flow  decay.  It 
has  not  been  proved  whether  enough  aluminum  or  titanium  would  dissolve 
in  completely  iron-free  propellant  to  cause  flow  decay  deposits  contain¬ 
ing  no  iron. 
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CONCLUSIONS  AND  mjOIMSffiATIGNS 


TBS  BASIC  CHENISTfflf  OF  FLOW  DSCAi 

Propellant-grade  nitrogen  tetroxide  will  corrode  iron  alloys  (i,e„, 
stainless  *teal)  to  a  very,  very  small  extent.  This  corrosion  occurs 
regardless  of  the  "store  of  the  N^O^;  **  ®*y  either  brown  (red)  as 
specified  by  MIL-P-26539B  or  green  (containing  NO)  as  specified  by 
MSC  PPX/-2A.  The  corrosion  manifests  itself  as  a  few  parts- per-ai 11. ion 
of  iron  dissolved  in  the  N^O^.  Cloggiag  of  orifices  by  iLe  redeposit  ion 
of  the  iron  material,  in  one  form  or  another,  is  the  phenomenon  known 
as  flow  decay. 


The  form  in  which  the  deposited  iron  appears  is  a  direct  function  of 
the  water  equivalent  content  of  the  propellant.  At  leaa  than  0.1  percent 
(i.e.,  in  easentially  dry  NTO),  a  crystalline  aolid,  NOFe(NO^)^,  appears. 
At  a  higher  water  concentration,  near  the  "use  limit”  of  0.2-percent 
water  equivalent,  the  iron  appears  in  a  viscous  or  gsl-like  liquid 
phase.  Other  solids  and  liquids  appear  as  the  water  content  ia  increased 
to  even  higher  levels.  The  equation  below  describes  the  behavior  over 
the  range  of  0-  to  0. 5-percent  water  equivalent. 


First  Solid, 
N0Fe(N03)4 


First  i£m 
Viscous  +H_0 
Liquid 


Second 

Solid 


Second 

Viscous 

Liquid 


The  chemical  nature  of  the  viacoua  liquids  end  tbs  second  solid  a~* >  only 
tentatively  defined.  The  first  liquid  pbass  may  reprssent  a  partially 
hydrated  (possibly  monohydrats)  fsrric  nitrate  dissolved  in  concentrated 


HNOg/BKO^,  the  second  solid  a  bifhar  (tri?)  hydrate  of  forric  nitrate,  and 


the  second  liquid  phase  this  higher  hydrate  dissolved  in  the  concentrated 
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f>cid»,  Bowwver,  the  overall  chemical  relationship  of  these  materials  is 
probably  much  sore  complex  than  this,  involving  numerous  equilibria 
betvecv  the  different  deposits  and  all  the  various  iron-containing 
species  present  in  N^G^. 

It  is  therefore  recommended  that  studies  be  undertaken  to  define  the 
basic  chemistry  of  the  corrosion  products  of  in  more  detail.  A 

clear  definition  of  the  chemistry  of  this  system  may  allow  for  a 
solution  to  the  problems  of  flow  decay  by  some  means  that  is  not  now 
evident  r  even  inferable  on  the  basis  of  the  present  limited  knowledge. 

PHYSICAL  MAN  JfMTAT  IONS  OF  FLOW  DECAY 

Solubility  of  the  iron  species  governs  flow  decay.  Both  the  solid 
crystalline  N0Fc(N0?)4  and  the  viscous  gel-like  liquid  phase  have  been 
•hewn  to  have  positive  temperature  coefficients  of  solubility.  Therefore, 
any  NgO^  that  has  become  saturated  with  its  iron  corrosion  products  is 
capable  of  depositing  these  corrosion  products  anywhere  in  the  propulsion 
system  if  it  encounters  a  lover  temperature  than  that  at  which  it  was 
saturated.  The  saturation  can  be  rapid  (l  to  2  hours  at  100  to  120  F), 
but  may  also  be  partly  diffusion-controlled  in  large  tanks,  so  that 
unless  mixing  of  some  typos  takes  place,  true  equilibrium  saturation 
may  not  always  bo  achieved. 

In  a  flowing  NgO^  system,  where  there  it  s  temperature  drop  (end  the 
offset  is  magnified  by  s  pressure  drop,  for  reasons  unknown)  the  iron 
materials  will  deposit  sad  build  up  in  smell  orifices  end  restrictions, 
thus  impairing  flow  of  the  propellent.  This  is  the  manifestation  called 
"flam  dsoay". 


If  the  propellant  water  equivalent  is  lew,  so  that  ih»  solii  cryeialliaa 
NOPe(NQ^)^  is  deposited,  buildup  of  deposits  and  flow  decay  occurs  in 
needle  valves,  filters,  and  essentially  any  place  where  a  assail  orifie* 
is  encountered.  If  the  water  equivalent  is  higher,  so  that  the  viaceas 
liquid  is  deposited,  flow  decay  has  been  encountered  only  in  filters; 
needle  valves  are  unaffected. 


In  the  present  study,  the  viscous  liquid  phase  caused  flow  decay  in 
filters  with  pore  sizes  ranging  from  2-5  micron  to  40-55  Bicron 
(nominal -absolute),  Seta  from  filters  has  been  correlated  in  ter»*  of 
the  flow  coefficient  C  ,  defined  ar 

V 


c 

v 


(n.wr»te)  Liiasii  tmiSx. 


pressure  drop  across  filter 


and  it  has  been  shown  that  the  smaller  the  initial  C^,  the  greater  the 
probability  of  flow  decay.  However,  anoaaliea  exist  in  the  data  collected 
to  date,  and  it  is  not  possible  to  use  the  data  to  select  a  pore  site 
and  accurately  conpute  the  filter  area  necessary  to  handle  some  given 
volume  of  without  flow  decay. 

It  is  accordingly  reconaended  that  an  extensive  study  of  flow  decay,  as 
caused  by  liquid-phase  deposits  in  filters,  be  undertaken.  The 
objective  of  auch  work  would  be  to  develop  a  statistically  reliable 
Beaaure  of  flow  decay  as  a  function  of  filter  parameters  {C^  or  other  ap¬ 
propriate  measurement*),  to  provide  design  criteria  for  maintaining 
non-decaying  flow. 


THE  PSEVJ94TION  OP  FLOW  DECAY 


Flow  decay  stay  be  controlled  by  controlling  temperature.  Because  both 
the  solid  NGFe(NO^)^  and  the  viscous  liquid  dsposit  hart  positive 
temperature  coefficients  of  solubility  in  N^O^)  flow  decay  can  be 
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prevented  by  assuring  that  no  temperature  drops  occur  at  any  point  in  the 
NgO^  propulsion  systems.  In  fact,  it  has  been  shown  during  this  work 
that  both  NOFe(NO^)^  deposits  and  viscous  liquid  deposits  can  be 
redissolved  by  flowing  hot  over  them. 

Applieation  of  this  control  method  may  be  difficult  or  impractical  on 
most  missile  systems;  it  would  require  either  heating  all  lines  and 
valves,  or  refrigerating  the  main  tank. 

How  decay  could  be  controlled  by  always  maintaining  the  at  a 
water -equivalent  level  of  0.2  percent  or  more,  and  avoiding  the  use  of 
small-pore  filters.  Under  these  conditions,  the  liquid  phase  deposit 
(whieh  does  not  affect  valve  orifices)  would  be  dominant,  and  this 
material  would  not  clog  a  filter  if  the  pore  size  and  filter  area  were 
large  enough.  The  previous  recommendation  relative  tc  *  "tudy  of  filter 
parameters  must  bs  reemphasised,  because  the  pore  sizes  and  areas 
necessary  to  prevent  flow  decay  in  this  manner  are  not  yet  known. 

Flow  decay  could  be  controlled  by  always  maintaing  the  at  a  water 
#qniv«!«ni  of  0.1  percent  or  leas,  and  developing  a  corrective  additive 
to  in  the  At  0. l-per-ent  water  or  leas,  ("dry"  ) ,  the 

8011#  precipitates,  clogging  either  wives  or  filters.  It 

has L-.b*s* ."shewn  that  various  organic  additives  can  increase  the  solubility 
of  in  NgOji  to  ths  point  where  deposition  end  clogging  will 

net  occur;  thus  eliminating  flow  decay.  However,  to  date,  a  completely 
satisfactory  additive  has  not  been  developed.  It  it  accordingly  re- 
otwaasded  that  a  concentrated  effort  be  made  to  select  and  qualify 
im  organic  additive  that  can  prevent  flow  decay  in  dry  without 
deleterious  side  effect*. 

In  ifce preeeat  work,  as  additive  was  found  that  would  eliminate  flow 
decay  arising  fraa  the  gel-like  liquid  deposit.  (Anomalously, 
diisiihyl  eulf  csid#  appeared  to  dissolve  deposits  in  laboratory  te  ts, 


but  accentuated  flow  decay  in  the  flow  bench.)  However,  all  additives 
tested  thus  far  were  selected  on  the  basis  of  various  theories  about 
the  viscous  liquid  phase,  without  real  knowledge  of  the  actual  nature  of 
the  naterial.  An  additxve  night  be  selected  if  there  were  nore  facts 
on  which  to  base  such  a  selection,  and  accordingly,  the  earlier  reeoa- 
aendation  of  studying  and  defining  the  basic  ehenistry  of  the  liquid 
materials  is  reesphaeised  here. 

In  naking  these  recommendations  and  suggested  preventable,  1*  should 
be  remembered  that  we  probably  have  not  yet  he  a  seen  ?*low  decay  in  ai’ 
ita  possible  Manifestations.  A  single  type  of  flow  decay  aay  only  be 
one  aspect  of  a  problem  that  can  vary  in  nature.  An  propellant 

syetea  containing  iron  corrosion  products  can  exhibit  phase  changes  of 
the  corrosion  deposits  as  a  function  of  the  normal  operating  temperatures 
experienced  by  a  rocket  propulsion  syetea.  Phase  changes  will  also  be 
experienced  as  a  function  of  the  ratio  of  total  iron  salts  to  the 
available  rater.  The  flow  decay  compound  NOPe(NO^)^  baa  been  shown  to 
be  a  good  dehydrating  agent  «ud  it  is  presumed  that  those  iron  species 
containing  saall  aaountf  of  water  will  also  be  good  dehydrating  agents. 
Thus,  «t  can  be  predicted  that  for  a  given  tank  of  having  a 

relatively  high  water  equivalent  concentration  (ca,  0.2  w/o),  which 
would  result  in  the  formation  of  a  gelatinous  deposit,  further  cor¬ 
rosion  will  reduce  the  water  equivalent  concentration  of  the  propellant 
such  that  crystalline  NOPs^NO^  bsccMass  stable  in  the  propellant.  Con¬ 
versely,  if  propellant  handling  and  transfer  operations  result  in  the 
addition  of  water  to  the  system,  the  gel-like  deposit  nay  be  converted 
to  the  second  solid  phase,  a  partially  hydrated  ferric  nitrate. 

POMFICATION  AND  ANALTSI8  OP  HITBXSW  THfBQXIM 

Nitrogen  tetroxide  aay  be  at  least  partially  freed  of  N0C1  by  treatment 
with  silver  nitrate.  Beeaaa*  it  baa  bean  suggested  that  chlorida-frea 


is  not  co  roaive  (and  according  if  it  did  not  attack  iron  and 
accumulate  the  soluble  products,  it  would  not  cause  flow  decay)  this 
approach  should  be  investigated  further. 

It  has  been  shown  that  the  MSC-PPD-2A  specification  procedure  for  chloride 
analysis  is  unsatisfactory  for  accurate  work  at  low  ch  onde  levels.  A 
tnrbidometric  Method  developed  under  this  prograa  has  been  shown  to  give 
smcb  better  results. 

It  has  further  been  shown  that  the  MIL-P-26539C  specification  method  for 
water  analysis,  based  on  phaae  separation,  is  grossly  inaccurate  when  the 
dissolved  iron  species  are  present  in  the  N^O^.  The  second  liquid  phase 
containing  iron  materials  is  not  as  soluble  in  as  is  the  liquid  acid 
phase  that  appears  in  the  absence  of  iron.  Thus,  separation  will  occur 
at  a  lover  water  level  when  iron  ia  present,  or,  putting  it  another  way, 
the  phaae  separation  method  will  give  erroneously  high  results  when  iron 
is  present.  It  is  accordingly  recoasended  that  more  accurate  methods 
for  analysis  of  the  water  equivalent  in  N^O^  be  developed.  Nuclear 
magnetic  resonance  has  been  used  in  the  present  work  with  some  degree 
of  success.  It  might  also  be  possible  to  modify  the  phase  separation 
technique  to  account  for  whatever  level  of  iron  sight  be  present. 

PLOh  D8CAT  AND  C  08808  ION  0 1  WNFSJWK®  METALS 

Preliminary  data  obtained  during  the  course  of  this  study  indicate 
that  corrodes  both  alnmiaom  and  titanium  to  the  extent  that  deposits 

containing  these  metals  are  detectable  in  filters.  It  it  recommended 
th«t  this  study  of  other  metals  he  extended  to  the  point  that  it  can  be 
unoqul voeably  determined  whether  or  not  flow  decay  ie  possible  with 
ttonferreue  hardware. 
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Air  Force  Rocket  Propulsion  Laboratory 
Research  and  Technology  Division 
Edvards,  California 


Study  of  the  phenomenon  of  flov  decay,  began  on  earlier  programs,  was  continued  with 
»  change  to  MSC  FFD-2A  propellant  (NaOv  +0.6  percent  NO).  Flov  decay  occurs  with 
this  propallant,  even  when  dry  (less  than  0.1-perceat  water  equivalent),  as  a  result 
of  deposits  of  the  solid  corrosion  product,  N0Fe(NO/ )  It  was  found  that  the 
presence  of  excess  water  in  amounts  up  to  the  general  use  limit  of  0.2  percent 
changed  the  characteristics  of  the  deposits  formed  when  nitrogen  tetroxide  is 
heated,  *.nen  cooled  prior  to  or  daring  flew.  Instead  of  the  crystalline  solid 
(N0Fe(N0&)^)  which  is  deposited  from  dry  propellant,  gelatinous  or  viscous  liquid 
phases  are  formed  in  wet  propellant.*} 

•The  appearance  of  these  deposits  is  governed  by  an  equilibrium  solubility  limit 
similar  to  that  observed  for  the  solid  deposits  in  dry  propellant.  The  gelatinous 
or  viscous  liquid  deposits  were  not  observed  to  adhere  to  and  plug  valves  and 
orifices,  as  does  NQFe(N0a/£,  but  they  did  clog  filters.  Chemical  additives 
previously  shown  to  be  effective  in  dissolving  and  eliminating  N0Fe(N0  &L  were 
not  effective  against  the  deposits  obtained  from  wet  propellant.  Trace*  of 
aluminum  and  titanium  were  detected  in  flow  decay  deposits  obtained  from  flow 
systems  with  aluminum  and  titanium  tanks. ^  \ 
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